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Definition and Classification of Lipids
Fats, oils or lipids consist of a large number of organic compounds including fatty acids, monoacylglycerols,
diacylglycerols, triacylglycerols (TGs), phospholipids
(PLs), eicosanoids, resolvins, docosanoids, sterols, sterol
esters, carotenoids, vitamin A and E, fatty alcohols, hydrocarbons and wax esters. Classically, lipids were defined as substances that are soluble in organic solvents.
This is a loose definition and could include a number of
non-lipid organic compounds. A novel definition and
comprehensive system of classification of lipids were
proposed in 2005 [Fahy et al., 2005]. The novel definition is chemically based and defines lipids as small hydrophobic or amphipathic (or amphiphilic) molecules
that may originate entirely or in part by condensations
of thioesters and/or isoprene units. The proposed lipid
classification system enables the cataloguing of lipids
and their properties in a way that is compatible with
other macromolecular data bases. Using this approach,
lipids from biological tissues have been divided into 8
categories, as shown in table 1. Each category contains
distinct classes and subclasses of molecules [Fahy et al.,
2005].
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Table 1. Lipid categories and typical examples. Adapted from
Fahy et al. [2005]

Category

Example

Fatty acids
Glycerolipids
Glycerophospholipids
Sphingolipids
Sterol lipids
Prenol lipids
Saccharolipids

oleic acid
triacylglycerol
phosphatidylcholine
sphingosine
cholesterol
farnesol
UDP-3-0-(3-hydroxy-tetradecanoyl)N-acetylglucosamine
aflatoxin

Polyketides

Lipid Classes
A summary of the 8 lipid classes is presented below.
For details see Fahy et al. [2005].
Fatty Acids
These are a diverse group of molecules characterized
by a repeating series of methylene groups that impart hydrophobic character. The fatty acyl structure represents
the major lipid building block of complex lipids and thereW.M. Nimal Ratnayake, PhD
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fore is one of the most fundamental categories of biological lipids. This lipid class includes the various types of fatty acids, eicosanoids, fatty alcohols, fatty aldehydes, fatty
esters, fatty amides, fatty nitriles, fatty ethers and hydrocarbons. Many members of this category, especially the
eicosanoids derived from n–6 and n–3 polyunsaturated
fatty acids (PUFAs), have distinct biological activities.
Glycerolipids
The glycerolipids essentially encompass all glycerolcontaining lipids. The most well-known being the fatty
acid esters of glycerol (acylglycerols), which includes tri-,
di- and mono-acylglycerols. Additional subclasses are
represented by glycosylglycerols, which are characterized
by the presence of 1 or more sugar residues attached to
glycerol via a glycoside linkage. Glycerophospholipids
are not included in this category because of their abundance and importance as membrane constituents.
Nutritionally, the TGs are the most predominant
group in this category. They comprise the bulk of lipids
in seed oils and storage fat in animal tissues. The general chemical structure of a TG is shown in figure 1.
Conventionally, the 3 carbon atoms of the glycerol molecule are numbered 1, 2 and 3 from top to bottom. For
designation of the stereochemistry of the acylglycerols,
the glycerol molecule is drawn in a Fisher projection
with the secondary hydroxyl group to the left of the
central prochiral carbon atom, and then the carbons
are numbered 1, 2 and 3 from top to bottom. Molecules
that are stereochemically numbered in this fashion
have the prefix ‘sn’ immediately preceding the term
‘glycerol’ in the name of the compound to distinguish
them from compounds that are numbered in a conventional fashion.
Differences in the distribution of fatty acids in the 3
positions of the glycerol moiety in dietary TGs have some
nutritional implications. In particular, the composition
of sn–2 is of great importance, since sn–2 facilitates the
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absorption of these fatty acids as 2-monoacyl-sn-glycerols and is utilized as such in the re-synthesis of TGs and
glycerol PLs that takes place after fat absorption (see ‘Absorption of Products of Digestion’, below). A considerable
amount of data is available in the literature on the stereospecific distribution of fatty acids of common dietary fats
[Christie, 2008]. In general in seed oils, the PUFAs are
greatly enriched in the sn–2 position while saturated fatty acids (SFAs) are concentrated in the sn–1 and sn–3 positions, and monounsaturated fatty acids (MUFAs) are
relatively evenly distributed. In most dietary animal fats,
the SFAs are predominantly in the sn–1 position, although an appreciable amount of oleic acid (OA) is usually present also. The sn–2 position tends to contain
mainly PUFAs, especially linoleic acid (LA). In cow’s
milk, however, all the butyric acid (C4:0) and most of the
hexaenoic acid (C6:0) is in the sn–3 position, whereas the
long-chain SFAs (C14:0, C16:0 and C18:0) are equally distributed at the sn–1 and sn–2 positions. In human milk,
palmitic acid (C16:0) is predominantly in sn–2, whereas
stearic acid (18:0) is in sn–1 position. In marine lipids,
SFAs and MUFAs are preferentially in the sn–1 and sn–3
positions, whereas PUFAs are greatly concentrated in the
sn–2 position with substantial amounts also being in position sn–3.
Glycerophospholipids
These are also referred to as PLs. They are constituents
of cell membranes which occur in foods and extracted
oils. Glycerophospholipids may be subdivided into distinct classes, based on the nature of the polar head group
at the sn–3 position of the glycerol backbone in eukaryotes and eubacteria or the sn–1 position in the case of archaebacteria. Examples of glycerophospholipids found in
biological membranes are phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine. The general structure of glycerophospholipids is shown in figure 2. The X moiety attached to the phosphate includes
Ann Nutr Metab 2009;55:8–43
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Fig. 2. Chemical structure of a phospho-
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Sphingolipids
Sphingolipids are a complex family of compounds that
share a common structural feature, a sphingoid base
backbone that is synthesized de novo from serine and a
long-chain fatty acyl co-enzyme A (CoA), and then converted into ceramides, phosphosphingolipids, glycosphingolipids and other species. The major sphingoid
base of mammals is commonly referred to as sphingosine. Ceramides (N-acyl-sphingoid bases) are a major
subclass of sphingoid base derivatives with an amidelinked fatty acid. The fatty acids are typically SFAs or
MUFAs with chain lengths from 14 to 26 carbon atoms.
Ceramides are generally precursors of more complex
sphingolipids. The major phosphosphingolipids of mammals are sphingomyelins (ceramide phosphocholines).
The glycosphingolipids are a diverse family of molecules
composed of 1 or more sugar residues linked via a glycosidic bond to the sphingoid base. Examples of these are
the simple and complex glycosphingolipids such as cerebrosides, gangliosides and sulfoglycosphingolipids (sulfatides) that are abundant in myelin.
Sterol Lipids
Sterols are a class of lipids that contain the common
steroid nucleus of a fused 4-ring structure with a hydrocarbon side chain and an alcohol group. Structures of some
common dietary sterols are illustrated in figure 3. Dietary
sterols are found in both animal fats and most vegetable
oils and they occur in free form or are esterified to such
compounds as fatty acids, glycosides or ferulic acid (oryzanol). Cholesterol is the primary animal fat sterol and is
found in vegetable oils in trace amounts. Cholesterol is an
10
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important component of membrane lipids. Plant-derived
sterols are collectively known as plant sterols or phytosterols. The type and amount of phytosterols vary with the
source of oil. The major plant sterols are ␤-sitosterol,
campesterol and stigmasterol, although several others are
known to exist [Piironen and Lampi, 2004]. The total sterols (sum of esterified and non-esterified sterols) generally
account for 0.2–1.0% of total lipids for most vegetable oils.
Refining of vegetable oils removes up to 40% of sterols.
The steroids, which contain the same fused 4-ring core
structure, are also included in this sterol lipids category.
They have different biological roles from hormones and
signaling agents. The C18 steroids include the estrogen
family, whereas the C19 steroids comprise the androgens
such as testosterone and androsterone. The C21 subclass
includes the progestogens as well as the glucocorticoids
and mineralocorticoids. The secosteroids, comprising
various forms of vitamin D, are characterized by cleavage
of the B ring of the core structure. Other examples of sterols are the bile acids and their conjugates, which are synthesized from cholesterol in the liver.
Prenol Lipids
Prenol lipids are synthesized from the 5-carbon precursors isopentenyl diphosphate and dimethylallyl diphosphate that are produced mainly via the mevalonic
acid pathway. The simple isoprenoids are linear alcohols,
diphosphates, etc., that are formed by the successive addition of C5 units, and are classified according to the
number of these terpene units. Structures containing 40
carbons or more are known as polyterpenes. Carotenoids
are important simple isoprenoids that function as antioxidants and some carotenoids, but not all (e.g. lycopene),
are precursors of vitamin A. Another biologically important class of molecules is exemplified by the quinones and
hydroquinones, which contain an isoprenoid tail attached to a quinonoid core of non-isoprenoid origin. Vitamins E and K and the ubiquinones, are examples of this
class.
From a nutritional point of view, vitamin E is the most
important lipid group in the prenol lipid category. Vitamin E consists of a mixture of lipid-soluble phenols characterized by an aromatic chromanol head and a side chain
of 16 carbon atoms. Vitamin E is divided into 2 subclasses: tocopherols and tocotrienols. The tocopherols have a
saturated hydrocarbon tail, whereas the tocotrienols are
the farnesylated analogues having an unsaturated isoprenoid tail (fig. 4). Both tocopherols and tocotrienols occur as a family of 4 isomers, namely ␣-, ␤-, ␥- and ␦-tocopherol and tocotrienols.
Ratnayake /Galli
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choline, ethanol amine, serine or hexahydric alcohol. A
SFA is usually esterified at position 1 and a PUFA at position 2. The polar group at position 3, which contains
phosphorus and the nitrogenous base or sugar molecule,
provides the PL molecule with a hydrophilic region. In
addition to serving as a primary component of cellular
membranes and binding sites for intra- and intercellular
proteins, some glycerophospholipids in eukaryotic cells,
such as phosphatidic acids, are either precursors of, or are
themselves, membrane-derived second messengers. Typically one or both of these hydroxyl groups are acylated
with long-chain fatty acids, but there are also alkyl-linked
and 1Z-alkenyl-linked (plasmalogen) glycerophospholipids, as well as dialkylether variants in prokaryotes.
Although PLs constitute a small fraction of total dietary fat, they can be important sources of essential fatty
acids (EFAs).
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Fig. 3. Chemical structures of some com-

mon dietary sterols.
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Fig. 4. Vitamin E structures. The methyl groups on the chroma-

nol head determine whether the molecule is ␣ (R1 = CH3, R 2 =
CH3, R 3 = CH3), ␤ (R1 = CH3, R 2 = H, R 3 = CH3), ␥ (R1 = H, R 2 =
CH3, R 3 = CH3) or ␦ (R1 = H, R 2 = H, R 3 = CH3), while the tail
determines whether the molecule is a tocopherol or tocotrienol.

inhibits protein kinase C activity, which is involved in
cell proliferation and differentiation in smooth muscle
cells, human platelets and monocytes. At physiologically relevant concentrations, ␣-tocopherol down-regulates
the expression of intercellular adhesion molecules, and
Ann Nutr Metab 2009;55:8–43
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The main well-known biological function of tocopherols is for protection of PUFAs against oxidation. The
different tocopherols have different antioxidant activities
in vitro and in vivo. In food systems, the antioxidant activity of the tocopherol isomers decreases in the order:
␦ 1 ␥ 1 ␤ 1 ␣ [Kamal-Eldin and Appelqvist, 1996]. In
biological systems, however, the antioxidant activity appears to be limited to ␣-tocopherol. The other forms of
tocopherol do not contribute to vitamin E activity [Institute of Medicine, 2000]. This is because the presence in
biological systems of hepatic ␣-tocopherol transfer protein which selectively binds ␣-tocopherol, as compared to
other vitamin E forms and facilitates its secretion from
the liver [Mustacich et al., 2006]. Tocotrienols have weak
vitamin E activity but act as antioxidants in foods and
provide stability against oxidation.
Evidence from in vitro and animal studies has indicated that the activity of vitamin E is enhanced by the
presence of vitamin C [Halpner et al., 1998]. In vitro studies have suggested that synergism between vitamins C
and E, in terms of hydrogen exchange between ascorbic
acid and tocopheroxyl radicals, leads to recycling of vitamin E [Niki et al., 1984]. However, studies in guinea pigs
and humans (healthy women) have not confirmed this
interaction to a significant extent [Burton et al., 1990; Jacob et al., 1996].
In addition to its direct antioxidant function, ␣-tocopherol has specific cellular functions. ␣-Tocopherol

Saccharolipids
In saccharolipids fatty acids are linked directly to a
sugar backbone, forming structures that are compatible
with membrane bilayers. In the saccharolipids, a sugar
substitutes for the glycerol backbone that is present in
glycerolipids and glycerophospholipids. The most familiar saccharolipids are the acylated glucosamine precursors of the lipid A component of the lipopolysaccharides
in Gram-negative bacteria. Typical lipid A molecules are
disaccharides of glucosamine, which are derivatized with
as many as 7 fatty acyl chains.
Polyketides
Polyketides are synthesized by polymerization of
acetyl and propionyl subunits by classic enzymes as
well as iterative and multimodular enzymes that share
mechanistic features with the fatty acid synthases. They
comprise a very large number of secondary metabolites
and natural products from animal, plant, bacterial,
fungal and marine sources, and have great structural
diversity. Many polyketides are cyclic molecules whose
backbones are often further modified by glycosylation, methylation, hydroxylation, oxidation, and/or
12
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other processes. Many commonly used antimicrobial,
antiparasitic, and anticancer agents are polyketide derivatives.

Fatty Acids
The fatty acids present in various lipid molecules are
the major components of dietary fats. In the body, they
are incorporated in blood lipids, in fats deposits and in
structural lipids in biological membranes. Dietary fatty
acids are derived from acylglycerols, free fatty acids, PLs
and sterol esters. Of these, TGs are the main sources.
100 g of TG will yield approximately 95 g of fatty acids.
The physical and chemical characteristics and the health
and nutritional effects of dietary fatty acids are influenced greatly by the kinds and proportions of the component fatty acids.
Chemically, a fatty acid is a carboxylic acid with an
aliphatic tail (chain) (fig. 5). The predominant fatty acids
are straight chain, can be saturated or contain carboncarbon double bonds with an even number of carbon atoms. Fatty acids containing 1 or more double bonds in
the chain are termed ‘unsaturated fatty acids.’ When the
fatty acid contains 1 double bond, it is called ‘monounsaturated’ (MUFA). If it contains more than 1 double
bond, it is called ‘polyunsaturated’ (PUFA). In almost all
naturally occurring unsaturated fatty acids, the double
bonds are in the cis configuration and are typically positioned at the 3rd, 6th or 9th carbon atom from the terminal methyl group. A cis configuration means that the hydrogen atoms attached to the double bonds are on the
same side. If the hydrogen atoms are on opposite sides,
the configuration is called trans. In almost all the naturally occurring PUFAs the double bonds are arranged in
a methylene-interrupted pattern, the double bonds are
separated by a single methylene group (CH2). There is a
wide spectrum of chain lengths, ranging from 4-carbon
fatty acids in dairy fat to 30-carbon fatty acids in some
marine lipids.
Fatty Acid Nomenclature and Shorthand Notations
There are a number of systems of nomenclature for fatty acids, however, some of the systems do not provide sufficient information as to the structure of fatty acids. A
chemical name must describe the chemical structure unambiguously. For fatty acids, this is done by using the systematic nomenclature recommended by the International
Union of Pure and Applied Chemistry [IUPAC-IUB Commission on Biochemical Nomenclature, 1978]. The IUPAC
Ratnayake /Galli
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vascular cell adhesion molecule-1, thereby decreasing
the adhesion of blood cell components to the endothelium [Cominacini et al., 1997]. ␣-Tocopherol also enhances the release of prostacyclin, a potent vasodilator
and inhibitor of platelet aggregation [Tran and Chan,
1990].
Vegetable oils, nuts and seeds are rich sources of tocopherols, especially the ␣, ␤ and ␦ isomers. Significant amounts
are also found in green leafy vegetables and a variety of fish
[Institute of Medicine, 2000]. Similar to sterols, considerable amounts of tocopherols are lost during the refining
process of vegetable oils, especially during the deodorization step, where about 30–35% of the total tocopherols are
distilled [Cmolik et al., 2000]. Some vegetable oils, particularly palm oil [Qureshi et al., 1991] and rice bran oil [Rogers
et al., 1993] are rich sources of tocotrienols.
Recently, an ester derivative of phosphate with the hydroxyl group of tocopherol, as ␣-tocopheryl phosphate
ester, has been described as a novel natural form of tocopherol [Gianello et al., 2005]. Similar to ␣-tocopherol,
the phosphate ester is present in animal tissues as well as
in the plant kingdom. Very little information is available
about the biological and physiological effectiveness of ␣tocopheryl phosphate ester. A recent animal study has
shown cardioprotection with ␣-tocopheryl phosphate ester [Mukherjee et al., 2008].
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system names fatty acids solely on the basis of the number
of carbon atoms, the number and position of unsaturated
fatty acids relative to the carboxyl group. The configuration of double bonds, location of branched chains and hetero atoms and other structural features are also identified.
The carbon of the carboxyl group is considered as number
1 and the carbons in the fatty acid chain are numbered
consequently from the carboxylic carbon. By convention,
a specific bond in a chain is identified by the lower number of the 2 carbons that it joins. The double bonds are
labeled with Z or E where appropriate but are very often
replaced by the terms cis and trans, respectively. For example the systematic name of LA is Z-9, Z-12-octadecadienoic acid or cis-9,cis-12-octadecadienoic acid.
Although the IUPAC nomenclature is precise and
technically clear, the fatty acid names are too long and
therefore, for convenience, ‘trivial’ or historical names
and shorthand notations are frequently used in scientific
writings. This is not surprising since those working in
the scientific area of dietary fats are familiar with the
chemical structure. There are several shorthand notations for dietary fatty acids, but all of them adopt the form

C:D, where C is the number of carbon atoms and D is the
number of double bonds in the carbon chain. Biochemists and nutritionists very often use the ‘n minus’ system
of notation for naturally occurring cis unsaturated fatty
acids, which is based on categorization of unsaturated
fatty acids into different families that share the same biosynthetic pathway. The term ‘n minus’ refers to the position of the double bond of the fatty acid closest to the
methyl end of the molecule. In this system the configuration of the double bond is not specified and in addition,
only the position of the first double bond closest to the
methyl end is denoted. The position and confirmation of
the other double bonds are not specified. Thus, LA is abbreviated as 18:2T6 or 18:2n–6 because the first double
bond is 6 carbon atoms from the methyl carbon. This abbreviation is applicable only to naturally occurring fatty
acids. Since the double bonds of natural unsaturated fatty acids are in the cis configuration and in PUFAs, the
double bonds are methylene interrupted. It is not applicable to fatty acids with trans configuration and PUFAs
with non-methylene interrupted double bonds. This system easily defines the different metabolic series, such as
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fatty acids.

Common Systematic
name
name

Abbre- Typical sources
viation

Butyric
Caproic
Caprylic

butanoic
hexaenoic
octanoic

C4:0
C6:0
C8:0

Capric

decanoic

C10:0

Lauric
Myristic

dodecanoic
tetradecanoic

C12:0
C14:0

Palmitic
Stearic
Arachidic
Behenic
Lignoceric

hexadecanoic
octadecanoic
eicosanoic
docosanoic
tetracosanoic

C16:0
C18:0
C20:0
C22:0
C24:0

dairy fat
dairy fat
dairy fat, coconut and
palm kernel oils
dairy fat, coconut and
palm kernel oils
coconut oil, palm kernel oil
dairy fat, coconut oil,
palm kernel oil
most fats and oils
most fats and oils
peanut oil
peanut oil
peanut oil

n–9, n–6 and n–3, etc. The n minus system is also referred
to as the ‘omega’ system, but the omega system is not recommended [IUPAC-IUB Commission on Biochemical
Nomenclature, 1978].
Another system that is widely used is the delta (⌬) system, in which the classification is based on the number of
carbon atoms interposed between the carboxyl carbon
and the nearest double bonds to the carboxylic group.
This system specifies the position of all the double bonds
as well as their cis/trans configuration. It is applicable to
a large number of fatty acids, except those with branched
chains, hetero atoms, triple bonds and other fatty acids
with unusual structural features. According to the delta
system, the shorthand notation for LA is cis-⌬9,cis-⌬1218: 2. For convenience, it could be expressed as cis,cis⌬9, ⌬12-18:2. In some scientific papers, authors drop the
‘⌬ notation’ and write it simply as cis-9,cis-12-18: 2 or
9c,12c-18:2. The delta system is very useful for isomeric
fatty acids with double bonds in trans configuration and
for PUFAs whose double bonds are not arranged in a
methylene interrupted manner; for example, the shorthand notation of rumenic acid is 18:2⌬9c,11t. This is a
conjugated fatty acid isomer of LA present in dairy fats
and meat from ruminant animals.
In this report, wherever appropriate, we will employ
the IUPAC, trivial names, delta and n minus shorthand
notations.
Saturated Fatty Acids
Those containing only single carbon-to-carbon bonds
(i.e. no double bonds) are termed saturated. Most of the
14
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SFAs occurring in nature have unbranched structures and
an even number of carbon atoms. They have the general
formula R-COOH, in which the R group is a straightchain hydrocarbon of the form CH3(CH2)x. An example
of a common SFA (stearic acid) is illustrated in figure 5.
Fatty acids with 2–30 carbons or more occur, but the common dietary acids contain between 4 and 24 carbons and
they are listed in table 2 by their common name, IUPAC
name and shorthand abbreviation. The shorthand abbreviation of SFAs includes the number of carbon atoms and
a zero after the colon; for example C18:0 or 18:0. C18:0
means that the fatty acid consists of 18 carbon atoms and
that there are no double bonds in it.
SFAs are the least reactive chemically and therefore
they are more stable and have a longer shelf life than the
unsaturated fatty acids. The melting point of SFAs increases with chain length. Decanoic and longer chain fatty acids are solid at normal room temperature.
The SFAs are further classified into 4 subclasses according to chain lengths: short, medium, long and very
long. Various definitions are used in the literature for the
SFA subclasses. The FAO/WHO Expert Consultation
recognized that there is a need for universal definitions
and recommends the following:
• Short-chain fatty acids: between 3 and 7 carbon atoms.
Butyric (4:0) and caproic (6:0) are the most important
members of this group and they occur in milk fats, but
are not normally found in common vegetable oils.
• Medium-chain fatty acids: between 8 and 13 carbon
atoms. Caproic (8:0), capric (10:0) and lauric (12:0) are
members of this group; caproic and capric occur in
milk fats and lauric in coconut and palm kernel oils.
• Long-chain fatty acids: between 14 and 20 carbon atoms. Palmitic (16:0) and stearic (18:0) are the most important fatty acids of this group. Palmitic acid is the
most widely occurring SFA, being present in practically every fat examined, it is present in marine oils, in
the milk and depot fats of land animals and in vegetable fats; main sources include palm oil, cottonseed oil,
lard and beef tallow. Stearic acid is less common than
palmitic acid, but present in most vegetable fats,
though a significant component in only a few, such as
cocoa butter and shea butter. It is also present in most
animal fats and is a major component in the tallow of
ruminant fats.
• Very-long-chain fatty acids: those with 21 or more carbon atoms. Behenic (22:0) and lignoceric (24:0) are the
most common members and present in most dietary
fats, but at very low levels, usually at less than 0.1% of
total fatty acids, except in peanut, high oleic sunflowRatnayake /Galli
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Table 2. Common SFAs in food fats and oils

Table 3. Some common cis-MUFAs in fats and oils

Systematic name

Palmitoleic
Oleic

cis-9-hexadecenoic
cis-9-octadecenoic

cis-Vaccenic
Gadoleic

cis-11-octadecenoic
cis-9-eicosenoic
cis-11-eicosanoic
cis-13-docosenoic
cis-15-tetracosenoic

Erucic acid
Nervonic

Abbreviation
9c-16:1
9c-18:1 (OA)
11c-18:1
9c-20:1
11c-20:1
13c-22:1
15c-24:1

Typical sources
marine oils, macadamia oil, most animal and vegetable oils
all fats and oils, especially olive oil, canola oil and high-oleic sunflower
and safflower oil
most vegetable oils
marine oils
marine oils
mustard seed oil, high erucic rapeseed oil
marine oils

er and high oleic safflower oils, where the level of 22:0
and 24:0 could be as high as 2 and 1.5% of total fatty
acids, respectively (in peanut oil).
Unsaturated Fatty Acids
Unsaturated fatty acids are categorized into 2 subcategories: MUFAs and PUFAs. Some examples of chemical
structures are shown in figure 5. Because of the presence
of double bonds, unsaturated fatty acids are more reactive chemically than SFAs. This reactivity increases as the
number of double bonds increases.
The unsaturated fatty acids are also further classified
into 3 subgroups according to chain lengths. Various definitions have also been used in the literature for the subclasses of unsaturated fatty acids; however, there have
never been universally accepted definitions. Therefore,
the FAO/WHO Expert Consultation recommends the
following definitions:
• Short-chain unsaturated fatty acids: fatty acids with 19
or fewer carbon atoms.
• Long-chain unsaturated fatty acids: fatty acids with
20–24 carbon atoms.
• Very-long unsaturated chain fatty acids: fatty acids
with 25 or more carbon atoms.
Cis-Monounsaturated Fatty Acids
More than 100 naturally occurring MUFAs have been
identified, but most of these are very rare compounds.
Table 3 shows the most common dietary cis-MUFAs. In
general, they have an even number of carbon atoms, between C14 to C24, and the double bond is most likely located at the ⌬9 position. OA (cis-9-octadecenoic acid or
9c-18:1) is the commonest cis-MUFA and it is also the
most widely distributed of all the natural fatty acids.
OA is very often accompanied by very small amounts
of cis-vaccenic acid (11c-18:1), which is the 11c isomer of
OA.
Fat and Fatty Acid Terminology,
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The other cis-MUFAs listed in table 3 are widely distributed in plants and animal tissues, but are very often
minor components in human diets. Palmitoleic acid (9c16:1) is the most widely occurring hexadecenoic acid. It
is a minor component (!1 or 2%) in most animal and vegetable oils, but more significant in marine oils (around
10%), and it is a major component in a few seed oils (e.g.
macadamia oil, 22%). Among C20 (eicosenoic) MUFAs,
the 9c and 11c isomers are very often present in marine
oils. The 11c isomer is the major C20:1 isomer in many
seed oils, but is present at very low levels (!0.5%).
The most important C22:1 acid in human diets is erucic acid (13-cis-docosenoic acid or 22: 1n–9). It occurs
generally at higher levels in seed oils of plants in the family Brassicaceae, reaching a level of 40–60% in mustard
seed oil and high-erucic rapeseed oil, but these oils are
consumed only in some parts of Asia and eastern Europe.
In most other parts of the world, erucic acid has been almost removed from rapeseed plants via selective breeding (e.g. canola) because of the possible adverse health
effects of erucic acid. No negative health effects have been
documented in humans, but in several animal models
feeding erucic acid has resulted in the promotion of myocardial lesions. Despite this possible negative health effect, erucic acid has received some attention in medicine
for the possible application in the treatment of adrenoleukodystrophy, a peroxisomal disorder leading to the accumulation of MUFAs in various tissues and in the brain.
Erucic acid typically present in rapeseed oil appears to
activate peroxisomal activities.
MUFAs with more than 22 carbon atoms are rare in
human diets, except for 15c-24:1 which is present as a minor component (!0.2%) in many marine oils.
Polyunsaturated Fatty Acids
Natural PUFAs with methylene interrupted double
bonds and with all cis configuration can be divided into
Ann Nutr Metab 2009;55:8–43
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Common name

Table 4. Nutritionally important n–6 PUFAs

Common name

Systematic name

Linoleic acid
␥-Linolenic acid

cis-9,cis-12-octadecadienoic
cis-6,cis-9,cis-12-octadecatrienoic acid

Abbreviation

Typical sources

18:2n–6 (LA)
most vegetable oils
18:3n–6 (GLA) evening primrose, borage and
blackcurrant seed oils
20:3n–6
very minor component in animal tissues
Homo-␥-linolenic acid cis-8,cis-11,cis-14-eicosatetrienoic acid
Arachidonic acid
cis-5,cis-8,cis-11,cis-14-eicosatetraenoic acid
20:4n–6 (AA) animal fats, liver, egg lipids, fish
Docosatetraenoic acid cis-7,cis-10,cis-13,cis-16-docosapentaenoic acid
22:4n–6
very minor component in animal tissues
Docosapentaenoic acid cis-4,cis-7,cis-10,cis-13,cis-16-docosapentaenoic acid 22:5n–6
very minor component in animal tissues

Table 5. Nutritionally important n–3 PUFAs

Common name

Systematic name

Abbreviation

Typical sources

␣-Linolenic

cis-9,cis-12-cis-15-octadecatrienoic acid

18:3n–3 (ALA)

flaxseed oil, perilla oil, canola oil, soybean oil

Stearidonic acid

cis-6,cis-9,cis-12,cis-15-octadecatetraenoic acid

18:4n–3 (SA)

cis-8,cis-11,cis-14,cis-17-eicosatetraenoic acid

20:4n–3

fish oils, genetically enhanced soybean oil,
blackcurrant seed oil, hemp oil
very minor component in animal tissues

cis-5,cis-8,cis-11,cis-14,cis-17-eicosapentaenoic
acid

20:5n–3 (EPA)

fish, especially oily fish (salmon, herring,
anchovy, smelt and mackerel)

Docosapentaenoic cis-7,cis-10,cis-13,cis-16,
acid
cis-19-docosapentaenoic acid

22:5n–3 (n–3 DPA) fish, especially oily fish (salmon, herring,
anchovy, smelt and mackerel)

Docosahexaenoic
acid

22:6n–3 (DHA)

cis-4,cis-7,cis-10,cis-13,cis-16,cis-19docosapentaenoic acid

12 different families ranging from double bonds located
from the n–1 to n–12 positions countered from the terminal carbon of the fatty acid chain [Gunstone, 1999]. The
most important families, in terms of extent of occurrence
and human health and nutrition are the n–6 and n–3
families based on LA and ␣-linolenic acid (ALA or
18:3n–3), respectively.
Both LA and ALA are essential for several reasons.
Humans and animals cannot make them from other substrates and therefore they must be supplied in food. They
are synthesized only in plant sources. Humans need dietary LA and ALA to produce C20 and C22 n–6 and n–3
highly unsaturated fatty acids (HUFAs). These PUFAs
are absolutely essential for optimal development of the
brain, circulating cells (red blood cells (RBCs), leukocytes, etc.) and skin. Highly specialized membranes such
as synaptic terminals, retinal cells and heart myocytes,
contain very high amounts of arachidonic acid (AA or
20:4n–6) and docosahexaenoic acid (DHA or 22:6n–3) in
PLs mainly for structural lipids (highly fluid membranes,
also in contractile cells, in the case of muscular cells) and
16
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fish, especially oily fish (salmon, herring,
anchovy, smelt and mackerel)

functional (e.g. receptor functions, ion channels, neurotransmitter release) roles. The C20 PUFA are in turn
converted to hormone-like substances called eicosanoids
including prostaglandins (PGs), thromboxanes (TXs),
prostacyclins, and lipoxins (see ‘Eicosanoid and Docosanoid Formations’, below). DHA is converted to docosanoids. The eicosanoids and docosanoids play important roles in the regulation of widely diverse physiological
functions, including blood pressure, platelet aggregation,
blood clotting, blood lipid profiles, the immune response,
and the inflammation response to injury infection.
Tables 4 and 5 show the members of the n–6 and n–3
PUFA families, respectively.
n–6 PUFA
LA is the parent fatty acid of the n–6 family. It has 18
carbon atoms and 2 double bonds. The first double bond
is 6 carbons from the methyl end of the fatty acid chain,
hence the n–6 name. LA is comparable with OA in the
extent of its occurrence. It occurs in almost every dietary
fat and attains major proportions in some common vegRatnayake /Galli
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Eicosapentaenoic
acid

n–3 PUFA
ALA is the parent fatty acid of the n–3 family. It is primarily present in the plant kingdom. It occurs in very
high concentrations in flaxseed oil (approx. 55%) and perilla oil (approx. 60%). Among the common vegetable
oils, it is readily available in canola (6–10%) and soybean
(5–8%) oils. Stearidonic acid (SDA or 18:4n–3) is the first
metabolite in the conversion of ALA to long-chain n–3
PUFA. This is a trace constituent in animal fats and common vegetable oils and therefore most diets contain very
little SDA. But there are some natural sources, notably
fish oils, which contain up to 4% of SDA. Some novel seed
oils contain relatively high proportions of SDA, such as
blackcurrant seeds, redcurrant seeds, alpine currant seed
and Echium seeds [Li et al., 2002a]. Recently, soybean
plants have been genetically modified to produce oil containing a substantial amount of SDA (15–30% w/w of total fatty acids) [Ursin, 2003]. The other important n–3
PUFAs are EPA (20: 5n–3), docosapentaenoic acid (n–3
DPA or 20: 5n–3) and DHA (22:6n–3) which are major
Fat and Fatty Acid Terminology,
Analysis, Digestion and Metabolism

components of marine lipids. Marine fish such as mackerel, salmon, sardine, herring and smelt are excellent
sources of EPA, n–3 DPA and DHA [Ackman, 2008a].
Fish oils containing 60% of EPA and DHA are sold as
sources of these important n–3 HUFAs. Algal oils and
single-cell oil sources of the long-chain PUFAs are now
becoming available to provide EPA + DHA + AA. Furthermore, genetically modified oil sources are now being
developed and will be widely available in the near future
by the genetic manipulation of soy and other plants.
EPA is a precursor for the n–3 derived PGs and TXs
and DHA is the precursor of docosanoids. DHA is present in very high proportions in some tissues in humans,
such as cardiomyocytes, sperms, retinal cells and those
of the brain (synaptic membranes).
Trans Fatty Acids
Although the double bonds of most naturally occurring unsaturated fatty acids in food fats are in the cis configuration, double bonds in the trans configuration do
occur in nature. Small amounts (2–6%) of trans fats are
naturally present in ruminant deposits and milk fats
[Huth, 2007]. Trans fatty acids arise in the stomach of
ruminants as a result of the hydrogenation of dietary
unsaturated fatty acids during bacterial fermentation
[Kepler et al., 1966].
Human diets contain not only natural trans fatty acids, but also those arising from technological treatments,
such as partial hydrogenation of oils to produce fat blends
for margarine, shortening and deep fat frying [CraigSchmidt and Teodorescu, 2008]. Partially hydrogenated
vegetable and marine oils constitute the main source of
trans fats in human diets in some parts of the world. Trans
fatty acids derived from partial hydrogenation are often
referred to as industrial trans. Trans fatty acids are also
formed inadvertently during the refining process of vegetable oils [Ackman et al., 1974]. As a result, refined vegetable oils can contain small amounts (!2%) of trans fatty acids [Ratnayake and Zehaluk, 2005].
Both, biohydrogenation and industrial partial hydrogenation result in isomerization of naturally occurring
cis unsaturated fatty acids to trans isomers as well as to
positional isomers. Thus, partial hydrogenation results in
the formation of an assortment of new cis and trans isomers of MUFA and PUFA. In ruminant fats and partially hydrogenated vegetable oils, the trans-octadecenoic
acid (trans-oleic or trans-18:1) isomers are the most important group of trans fatty acids. The position of the
double bond of these dietary trans 18:1 isomers, counted
from the carboxylic carbon, usually varies from ⌬4 to
Ann Nutr Metab 2009;55:8–43
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etable oils, especially sunflower, safflower, corn and soybean oils. Because of its wide distribution and abundance
in many common dietary fats, many populations overconsume LA, and consequently the intake of n–3 fatty
acids is very often lower than ideal.
In humans, dietary LA can be desaturated and elongated to form a series of n–6 PUFAs (see ‘Eicosanoid and
Docosanoid Formations’, below). In this metabolic conversion, ␥-linolenic acid (18:3n–6 or GLA) is the first metabolite produced through the ⌬6 desaturase. GLA is a
trace constituent in some animal PLs and ruminant fats.
It is more readily available from seed oils of evening primrose (8–10%), borage (20–25%) and blackcurrant (15–
18%).
Physiologically, AA and dihomo-gamma linolenic
acid (DGLA or 20:3n–6) are the most important conversion products of LA. Both are substrates for eicosanoids
and AA has special functions (discussed earlier). Fish, especially freshwater fish are good sources of AA [Ackman,
2008a]. AA is present in lean meat, especially in free-living animals, liver [Wood et al., 2008] and egg lipids. It
is rare in the plant kingdom, but it has been reported in
marine algae and other aquatic plants. The presence in
marine algae is the consequence of an adaptation process
to the unique environmental conditions that require the
synthesis and incorporation in cells of HUFAs, such
as AA, but especially eicosapentaenoic acid (EPA or
20:5n–3) and DHA. DGLA is also present in animal tissues, but at very low levels (!0.1% of total fat).

tially hydrogenated canola oil (PHCO) and soybean (PHSO)
basestocks hydrogenated to different extents
Trans 18:1
isomer

PHCO

PHSO

IV 92 IV 80 IV 64

IV 109 IV 86

IV 64

4t
5t
6t
7t
8t
9t
10t
11t
12t
13t
14t
15t
16t

–
–
–
–
6
38.6
20.8
14.9
8.6
5.3
2.6
2.2
1

–
–
0.2
1
9.9
28.7
25.5
16.1
9.4
5.1
2.2
0.9
1

0.1
0.1
0.5
3.8
13.4
23
23.3
15.7
9.7
5.7
3.1
1.3
0.3

–
–
0.1
1.2
8.5
21.1
23.7
23.4
9.7
7.5
3.4
1.4
–

0.1
0.1
1
1.2
7.6
18.6
26.9
23.8
9.9
6.3
2.8
1.1
0.6

0.1
0.1
0.6
1.4
8.8
22.5
21.8
18.2
12.5
8.1
3.5
1.4
1

Total t-18:1 (% of
total fatty acids)

18.9

38.3

39.8

13.8

27

36.7

Total trans fatty acids 25.3

40.1

4.4

17.7

30.6

37.4

IV = Iodine value.

Table 7. Distribution of positional trans 18:1 isomers (% of total

trans 18:1 isomers) in some dairy products purchased from retail
stores in Canada in 2006; from Mendis et al. [2008]
Trans 18:1
isomer

Milk
(n = 6)

4t
5t
6t–8t
9t
10t
11t
12t
13t
14t
15t
16t

0.780.1 0.780.04 0.980.1 0.680.2
0.580.1 0.580.05 0.680.1 0.680.2
2.080.7 2.680.4 1.980.4 3.780.7
4.780.8 5.580.4 4.780.7 6.780.5
11.481.3 11.880.7 10.581.1 13.480.2
33.481.8 35.882.0 32.882.3 30.280.3
10.480.4 9.580.3 11.080.6 10.480.2
10.480.4 9.680.3 9.980.5 10.780.2
11.680.5 10.680.6 12.080.9 11.580.6
7.780.3 7.680.2 8.480.5 7.880.0
7.381.2 5.880.7 7.481.8 4.380.2

Total t-18:1
(% of total fat)

Butter
(n = 7)

Cheese
(n = 9)

Cream
(n = 2)

3.780.4

3.680.3

3.581.4

3.880.1

Total trans fatty acids
( % of total fat)
5.680.6

5.280.3

5.381.3

5.480.1
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⌬16. The trans 18:1 isomer distribution in partially hydrogenated vegetable oils depends on the fatty acid composition of the starting oil, the extent of hydrogenation
and very often the trans 18: 1 isomers form a Gaussian
distribution that centers around the ⌬9 or ⌬10 double
bond (table 6) [Ratnayake, 2004].
The trans 18:1 isomer distribution of dairy fats is distinctly different from that of partially hydrogenated vegetable oils. Vaccenic acid (11t-18: 1) is always the major
isomer in ruminant fats (30–60% of total t-18:1), whereas 9t-18: 1 and 10t-18: 1 isomers occur in relatively low
amounts (table 7) [Parodi, 1976; Mendis et al., 2008].
In addition to the trans 18:1 isomers, partially hydrogenated oils contain several cis-octadecenoic isomers
(cis-18:1), whose double bond position generally ranges
from ⌬6 to ⌬16. The naturally occurring cis isomer, OA
is always the predominant isomer followed by 10c-18: 1
and 11c-18:1. Ruminant fat also contains several cis-18:1
isomers. The isomer distribution, however, is less complex than that for partially hydrogenated vegetable oils
[Ratnayake, 2004]. Here also, OA is the predominant isomer and it accounts for approximately 95% of the total
isomers.
Dietary fats also contain a number of positional and
geometrical isomers of LA and ALA which are frequently
present in low concentrations in both partially hydrogenated and non-hydrogenated dietary fats [Ratnayake,
2004]. Partially hydrogenated vegetable oils contain 15 or
more isomers of LAs; the major ones generally are 9c,13t18:2, 9c,12t-18:2 and 9t,12c-18:2. These isomers are often
detected in large quantities in mildly hydrogenated vegetable oils (up to 6% of total fatty acids), whereas they are
hardly detectable in heavily hydrogenated oils.
The LA and ALA isomers present in non-hydrogenated fats or in many common food fats are the result of exposure of these PUFAs to some form of heat treatment,
such as steam deodorization or stripping during refining
of oils [Ackman et al., 1974] or simple heating in deep fat
frying [Grandgirard, 1984]. In these processes, the double bonds do not shift in position, but are isomerized
from cis to trans, resulting in the formation of small
amounts of geometric trans isomers of LA and ALA.
Conjugated Linoleic Acid Isomers
Small amounts of positional and geometrical isomers
of LA having 2 conjugated double bonds (CLA isomers)
are also present in the human diet, primarily derived
from ruminant fats. CLA is produced in the rumen as a
result of biohydrogenation of dietary LA. A total of 24
CLA isomers have been identified and rumenic acid (i.e.
Ratnayake /Galli
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Table 6. Distribution of positional trans 18:1 isomers of some par-

Conjugated Linolenic Acid Isomers
Conjugated fatty acids other than CLA exist in nature.
Seed oils of certain plants, such as tung, pomegranate,
catalpa, bitter gourds and karela contain a mixture of
conjugated linolenic acid isomers (CLN) at levels of 40–
80% [Takagi and Itabashi, 1981]. All 3 double bonds of the
CLN isomers of these seed oils are in conjugation and
several isomers exist, which include: 9c,11t,13t-18:3 (␣-eleostearic acid); 9c,11t,13c-18:3 (punicic acid); 9t,11t,13c18:3; 9t,11t,13t-18:3 and 8t,10t,12c-18:3. Very often, ␣-eleostearic acid and punicic acid are the predominant isomers.
Interest in the biological activity of CLN is growing.
CLN is a potent suppressor of growth of various tumor
cells [Igarashi and Miyazawa, 2000; Suzuki et al., 2001].
Its antitumor effect is stronger than CLA [Tsuzuki et al.,
2004]. In addition, CLN is effective in reducing body fat
mass in rats [Kolbe et al., 2002]. In rats, ␣-eleostearic acid
Fat and Fatty Acid Terminology,
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CH3

R

H3C—(CH2)m

O

(CH2)n—COOH

Fig. 6. Structures of the most abundant furan fatty acids. m = 2–4;

n = 8–12; R = H or CH3.

and punicic acid are metabolized to 9t,11c-CLA [Tsuzuki
et al., 2006]. Since these 2 CLN isomers are present in
some plant seeds in large amounts, they can act as sources of 9t,11c-CLA after metabolism.
Furan Fatty Acids
Furan fatty acids are a large group of naturally occurring unusual fatty acids characterized by a furan ring
with the general structure shown in figure 6. These fatty
acids occur widely but at low levels in freshwater and marine fish. They have also been detected in marine bacteria, algae, yeast, fungi, plants, fruits, food fats such as butter, virgin olive oil and blood, including that of humans
[reviewed by Spiteller, 2005]. Thus, it appears that these
fatty acids are widely distributed in all living matter.
Fish, other marine organisms and mammals consume
furan fatty acids in their foods and incorporate them into
PLs and cholesterol esters. Some short-chain dibasic furan fatty acids, which might be metabolites of the longchain acids, have been detected in the urine and blood of
humans. Furan fatty acids have been shown to be scavengers of hydroxyl and peroxyl radicals [Okada et al., 1990,
1996]. Spiteller [2005] has suggested that the radical scavenging ability of furan fatty acids may contribute to the
cardioprotective properties of fish and fish oils. This is an
interesting suggestion that needs to be clinically tested.

Analytical Methods

Analysis of fatty acids of biological or food samples
generally involves 3 steps: extraction of lipids, conversion
of the extracted lipids to a volatile derivative, often to
fatty acid methyl esters (FAMEs) and analysis of the
FAMEs by gas-liquid chromatography (GC) for the fatty
acid profile.
At every stage of the fat analysis, precautions have to
be taken to minimize the risk of hydrolysis of lipids
Ann Nutr Metab 2009;55:8–43
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9c,11t-18:2 or 9c,11t-CLA) is the major isomer. The CLA
levels in dairy fats usually range from 0.3–0.6% of total
fat [Parodi, 2003]. Since the discovery in 1987 that an extract from grilled ground beef later identified as CLA had
biological effects [Ha et al., 1987], numerous studies have
revealed various beneficial biological functions of CLA
isomers [Tricon et al., 2005]. The beneficial functions include its antimutagenic, anticarcinogenic, and antiobesity properties as well as its effects on regulating lipid metabolism and immune response. However, most of the
CLA research in humans to date has focused mainly on
readily available commercial mixtures of CLA, rather
than on pure 9c,11t-CLA, which is the naturally occurring CLA in dairy fats and ruminant depot fats. Commercial CLA preparations consist of an equal mixture of
10t,12c-18: 2 and 9c,11t-18: 2. The 10t,12c-18: 2 isomer is
generally present only in trace amounts in dairy fats and
ruminant depot fats. The biological effects of pure 9c,11t18:2 is yet to be determined.
Recent advances in dairy technology have enabled the
production of milk naturally enriched with 9c,11t-CLA
by altering animal feed [Bauman et al., 2000]. However,
this manipulation has also resulted in increasing the
trans fatty acid content, in particular vaccenic acid. A recent study reported that there is no significant difference
in the effect of butter enriched with CLA + vaccenic acid
on the plasma lipid profile in pigs compared to regular
butter containing normal levels of CLA and vaccenic acid
[Haug et al., 2008]. More studies are needed to evaluate
the nutritional and biological effects of milk products enriched with CLA and vaccenic acid.

Fat Extraction
Total Fat Recovery
Several excellent methods are available, but the choice
of the extraction procedure depends on the nature of the
sample matrix [Christie, 2003, 2008]. Simple extraction
procedures, such as Soxhlet extraction or heating in a
sealed glass test tube using hexane, heptane, petroleum
ether or other non-polar solvents can be used for TG-rich
samples such as oil seeds, certain foods (e.g. margarine,
butter) and adipose tissue. Animal and plant tissues contain an assortment of non-polar and polar lipids in close
association with proteins and polysaccharides, with
which they link by hydrophobic or van der Wal forces and
by ionic bonds. Quantitative recovery of the complex lipid mixture from animal tissues is most conveniently
achieved using procedures that employ a mixture of polar
solvents such as the chloroform-methanol system of Folch
et al. [1957] or Bligh and Dyer [1959]. If the procedures
are followed exactly as instructed in the original papers,
both methods can give reliable results.
The lipids of plant material and photosynthetic tissues
are liable to undergo extensive enzyme-catalyzed degradation when extracted with chloroform-methanol. The
problem is best overcome by means of conducting a preliminary extraction with propan-2-ol, followed by reextraction of the residue with chloroform-methanol
[Nicholos, 1963].
In recent years, supercritical fluids have been evaluated as extractants for lipids [King, 2002], while these appear to hold promise for extraction of some simple lipids,
there appears to be little prospect for more general use.
Total Fatty Acid Recovery without Lipid Extraction
Since fatty acids are the dietary components that are
of most nutritional interest, very often the objective of
fat analysis is to obtain information only on fatty acids.
Prime examples are the current nutrition labeling regulations in Canada [Health Canada, 2003] and the USA
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[Food and Drug Administration, 2006], where the total
fat in a food is defined as the sum of all fatty acids expressed as TG equivalents. Information on the lipid profile is not required for food labeling and therefore, there
is no reason to recover lipids in their intact form. The
AOAC official method 996.06 [AOAC, 2005] complies
with the current definition of fat and is applicable to a
variety of food samples, ranging from low-fat foods (cereals, breads, etc.) to high-fat foods (margarine, butter,
cheese, etc.) as well as to meat and meat products, and fish
and fish products. The procedure involves extraction of
the fat from the food samples by acid- or base-hydrolysis,
which provides a complete breakdown of the food matrix
and release of fat, followed by ether extraction of the released fat, transesterification of fatty acids to FAMEs and
analysis of the fatty acid profile by capillary GC. Individual fatty acids are measured quantitatively with respect to a suitable fatty acid internal standard (C11:0 TG,
C17:0 TG or C21:0 TG), and each fatty acid is converted
to its TG equivalent and is summed to give total fat.
Recently an elegant procedure has been established for
analysis of fatty acid composition of whole blood lipids by
GC without lipid extraction. Drops of blood (50 l) collected from fingertips have been placed on a chromatography paper; the paper is then placed in a test tube and
directly subjected to transmethylation for GC analysis
[Marangoni et al., 2004a]. This is a rapid and inexpensive
method for the analysis of circulating fatty acids applicable to large population groups [Marangoni et al., 2007].
It also helps in storing samples for long periods and transportation of small amounts of blood samples.

Preparation of Fatty Acid Methyl Esters
Analyses of fatty acid compositions of foods, animal
and plant tissues are best performed by GC as their FAME
derivatives. Various procedures are available for preparation of FAMEs [Christie, 2003, 2008]. In general, FAMEs
are prepared by transesterification using hydrogen chloride (HCl), sulphuric acid (H2SO4), or borontrifluoride
(BF3) in methanol (MeOH). In a typical procedure, about
10–20 mg of the fat sample is dissolved in toluene in a 10ml screw capped (Teflon-lined) centrifuge tube, 14% BF3MeOH (alternatively 5% HCl-MeOH or 2% H2SO4MeOH) is added and the mixture heated to 100 ° C for
60 min. The reaction mixture is diluted with water (3 ml)
and the FAME extracted with toluene, hexane or diethyl
ether. After concentrating under nitrogen, the FAME
sample is ready to be analyzed by GC.
Ratnayake /Galli
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and autoxidation of unsaturated fatty acids. This can be
achieved by performing all procedures under subdued
light in an inert atmosphere of nitrogen. All animal tissues should ideally be analyzed immediately after removal from the living organism to avoid enzymatic lipolysis.
When this is not feasible, the tissue should be frozen as
soon as possible, with dry ice or liquid nitrogen and stored
at very low temperature (ideally –60 ° C or below) in a
sealed glass container in a nitrogen atmosphere.

Analysis of Fatty Acids by Gas Chromatography
Analyses of fatty acid profiles are executed by GC using a flame ionization detector, which is a universal detector and its response is linear for a wide range of sample
sizes, gas flows and detector temperatures. Either hydrogen or helium is necessary as carrier gas. Optimum separation of fatty acids (as their FAME derivatives) are obtained on polar fused silica capillary (FFSC) columns.
Non-Hydrogenated Oils
For analyses of FAME mixtures containing no or very
little trans fatty acids, such as non-hydrogenated fish oils,
vegetable oils, animal fats, plant lipids and tissue lipids,
bonded polar columns prepared from Carbowax-20m as
Supelco-wax, or Omegawax-259 or Omegawax-320 are
recommended [AOCS, 2003a, 2003b; Ackman, 2008b].
The separation of FAME takes place according to the fatty
acid chain length, the number of double bonds and the
position of the double bonds. There are almost no overlaps
Fat and Fatty Acid Terminology,
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of FAMEs with different chain lengths. The retention
characteristics of FAME are also less sensitive than those
of more polar capillary columns. Capillary columns of
various lengths and internal diameters (i.d.) are commercially available, but for most analytical work 30 m ! 0.32
(or 0.25) mm i.d. capillary columns are sufficient. These
columns give superior separation of all the fatty acids.
Typical GC run time of FAME from fish oils and other
lipids which contain long-chain HUFAs such as DHA, is
about 65 min, when the column temperature is operated
isothermally at 190 ° C with helium carrier gas at 12 psig.
With column temperature programming (hold at 190 ° C
for 8 min, program at 3 ° C/min to 240 ° C) the same analysis can be executed in a run time of about 25 min [Ackman, 2008b]. The use of temperature programming is very
useful for routine analysis of large numbers of samples.
Fast GC technique, based on FAME separation under high
elution pressure allows analysis of complex fatty acid mixtures in shorter times than conventional GC. However,
the separation between a few of the closely eluting FAMEs
may be compromised.
In recent years, 10 m FFSC columns have been made
available. These are more suited for routine quality control analysis of simple fatty acid mixtures, such as those
from common vegetable oils. GC run times of 5 min or
less are feasible.
Partially Hydrogenated Oils and Dairy Fats:
Cis and Trans Isomers
Complete analysis of FAME from partially hydrogenated oils which contain a complex mixture of cis and
trans isomers requires a column of special polarity, usually 100 m FFSC columns coated with highly polar cyanopolysiloxane stationary phases [Ratnayake, 2004;
Sebedio and Ratnayake, 2008]. A variety of cyanopolysiloxane 100 m FFSC columns are available from chromatographic suppliers and are marketed under trade designations such as SP-2560, CP-Sil 88, BPX-70 and HP-88.
These columns separate the cis and trans isomers that
cannot be separated by columns of less polarity such as
those coated with Carbowax-20m. The best separation of
all the fatty acids of partially hydrogenated vegetable oils
with minimum overlaps of cis-trans isomers of 18: 1 as
well as other fatty acids is achieved when the column temperature is operated isothermally at 180 ° C, using hydrogen as the carrier gas with a flow rate of 1.0 ml/min [Ratnayake et al., 2006]. These GC parameters have been adopted by the American Oil Chemists’ Society (AOCS) in
their official method Ce 1h-05 for the determination of
the fatty acid composition of vegetable or non-ruminant
Ann Nutr Metab 2009;55:8–43
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Methylation of amidic-bound fatty acids, as in sphingolipids, requires stronger conditions. Overnight heating
at 95 ° C with 10% BF3-MeOH has been used for preparation methyl esters from sphingolipids [Lopez et al.,
2008].
Although BF3-MeOH is a convenient and a very popular reagent, caution needs to be exercised when using it.
The BF3-MeOH reagent has a limited shelf life, even when
refrigerated and the use of old and overly concentrated
(17%) solutions might result in the production of artefacts and the loss of appreciable amounts of HUFAs
[Christie, 2003].
Acidic methylation procedures should not be used for
samples containing CLA isomers. Methylation using sodium methoxide is recommended [Kramer et al., 1997].
In contrast to acidic methylation, sodium methoxide
does not isomerize CLA.
For pure oil samples which contain primarily TGs,
base-catalyzed transesterification is recommended for
simplicity and speed [Christopherson and Glass, 1969].
Sodium or potassium hydroxide or methoxide in methanol are the most common base-catalyzed transesterification reagents. Treatment of 19 parts of 10% solution of the
pure fat sample in petroleum ether or hexane with 1 part
of either 2 N methanolic potassium hydroxide or sodium
hydroxide at room temperature results in the almost instantaneous formation of FAMEs. The solution may be
analysed by GC at once.

Dairy Fats: Short-Chain Fatty Acids, CLA and Trans
Isomers
Complete analysis of dairy fatty acids is difficult and
tedious, because they are a complex mixture of a wide
variety of fatty acids, which includes short-, medium- and
long-chain fatty acids and an assortment of trans and cis
22
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isomers of OA, LA and CLA. The short-chain fatty acids
are volatile and water soluble. Therefore, precautions
should be taken not to lose them during fat extraction,
methylation and GC analysis. In addition, the CLA isomers are heat sensitive and can undergo isomerization if
great care is not taken during extraction, methylation
and GC analysis.
As for the partially hydrogenated oils, 100-meter
capillary columns coated with cyanopolysiloxane liquid
phases effectively resolve most of the total FAMEs from
milk fat. However, it is not possible to get complete information by a single GC analysis [Kramer et al., 2004; CruzHernandez et al., 2006]. Two separate GC analyses and a
complimentary pre-fractionation technique are required.
GC isothermal analysis at 180 ° C provides good resolution of all the fatty acids including the trans-18:1 isomers.
However, a shortcoming of this analysis is that the shortchain fatty acids from 4: 0 to 8:0 elute with the solvent
front. Therefore, a second GC run is required to get information on the short-chain fatty acids. This is achieved
by temperature programming from 45 to 215 ° C [Kramer
et al., 2004; Cruz-Hernandez et al., 2006]. It gives good
separation of all the fatty acids. However, there are some
drawbacks: in addition to the incomplete separation of
the trans-18: 1 isomers, CLA isomers are also not adequately separated [Cruz-Hernandez et al., 2004; Kramer
et al., 2004]. As mentioned previously, dairy fats contain
at least 24 CLA isomers. If information on all the individual CLA isomers is required, then it can be obtained
by combining GC analysis with Ag+-HPLC fractionation
[Cruz-Hernandez et al., 2004].

Separation of Lipid Classes
In lipid analysis of biological specimens, very often
there is a need to examine the fatty acid composition of
lipid classes, for example PL, TG and cholesterol esters
(CEs) in plasma, liver and other tissues. This requires isolation of the lipid classes and then analysis of their fatty
acid composition. TLC is the most convenient technique
for isolation of small amounts of lipid components. It permits excellent separations with comparatively short elution times. Separation of most of the important lipid
classes such as PL, TG, CE, cholesterol, free fatty acids,
etc., in biological tissue samples can be achieved by 1-dimensional TLC in a single run using mobile phases consisting of a mixture of hexane and diethyl ether, with a
little formic or acetic acid to ensure that free fatty acids
migrate successfully. More polar lipids such as phosphaRatnayake /Galli
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animal oils and fats by GC [AOCS, 2005]. These GC operating parameters in conjunction with the fat extraction
procedure of AOAC Official Method 996.06 [AOAC,
2005] are widely used for the determination of total fat
and saturated, trans, mono-fatty acids and PUFAs for
food labeling in Canada and the USA.
Although much useful information on the sample can
be extracted using the 100 m cyanolpolysiloxane columns, minor GC peak overlaps of some cis and trans18:1 isomers may occur. The GC peak for 15t-18:1 overlaps with 9c-18:1 peak and the peak for 13t,15t-18:1 overlaps with 3 cis-18:1 isomers (6c-, 7c-, 8c-18:1). Very often,
15t-18:1 and 6c-, 7c-18:1 and 8c-18:1 are minor components in partially hydrogenated oils and therefore, these
overlaps impart only a minor error in the determination
of the levels of trans and cis-18:1 isomers of dietary fats.
These minor overlaps cannot be corrected by isothermal
operation of the GC column temperature. In fact, isothermal operations lead to further worsening of cis-trans
isomer overlap [Ratnayake, 2004; Sebedio and Ratnayake, 2008]. In particular, the late eluting trans 18:1 isomers, from 12t to 15t-18:1, are hidden under 9c-18:1 and
16t-18:1 is hidden under 14c-18:1. The overlapping isomers could be easily quantified using auxiliary fractionation techniques, such as silver nitrate thin-layer chromatography (TLC) or silver ion high pressure liquid
chromatography (Ag+-HPLC) [Wolff, 1995; Ratnayake,
2004].
Other techniques that are useful in trans fat analysis
are four transform infrared (FT-IR) coupled to GC and
attenuated total reflection (ATR) infrared cell in FT-IR
[Mossoba et al., 2004]. The FT-IR/GC technique can differentiate cis and trans isomers, including those present
in PUFAs. The ATR/FT-IR is helpful in determining the
total trans content in a very short time (5 min) in pure fats
and oil samples without converting them to FAME or
other derivatives. To resolve the problems of cis-trans isomer identification, many laboratories now use gas chromatography mass spectrometry (GC-MS). The bond position is easily identified by analyzing the fatty acid samples as nitrogen compounds such as picolinyl, pyrrolidide
or 4,4-dimethyloxazoline derivatives [Ratnayake, 2004;
Ackman, 2008b; Christie, 2008].

tidylcholine or phosphatidylserine will remain at the origin of sample application, and they can be isolated as a
single class of very polar lipids [Christie, 2003].
The separation of the various PL classes can be achieved
either by double development TLC or 2-dimensional TLC
procedures. In the double development procedure, initially the plate is developed as a part of the way in a very
polar solvent system (e.g. chloroform:methanol:water at
60:30:5 by volume) to separate the PL, and then for the
full length of the plate with a less polar mobile phase
(e.g. hexane:diethyl ether:acetic acid at 70:30:1.5 by volume) in order to resolve each of the simple lipids. Twodimensional TLC procedures are used with more complex lipids, especially those samples containing both PLs
and glycolipids. In this method, the plates are developed
in 1 direction and after allowing sufficient time for drying, the plate is developed at right angles to the first direction. Plate development in both directions is performed
using very polar solvent systems containing chloroform,
methanol, water and a small amount of acetic acid.
For non-destructive detection of individual lipids separated by TLC, 2ⴕ,7ⴕ-dichlorofluorescein (0.1%) solution
in ethanol is preferable to the commonly used Rhodamine
6G or iodine vapor. The less polar bands are extracted
with mixtures of hexane-diethyl ether and highly polar
bands with chloroform-methanol. The extracted bands
are directly transmethylated using 0.5 M methanolic HCl
prior to GC analysis for the fatty acid composition.

nents [Wolf and Quinn, 2008]. The extracted lipids are
then fractionated, usually using a multi-step chromatography process. In the final step, the individual molecular
species are identified and quantified. A flow diagram of
the overall lipidomics procedure is illustrated in figure 7.
Identification of the lipid molecular species is performed
using sophisticated technology. Modern mass spectrometry methods involving ionization by electrospray, fast
atom bombardment, atmospheric pressure chemical ionization, atmospheric pressure photoionization, and matrix-assisted laser desorption techniques are highly sensitive and can produce excellent quantitative data. There
may be no need for extensive sample preparation or for a
chromatographic interface with the instrument, since
samples can be injected directly. In addition, tandem
mass spectrometry methods greatly enhance the obtainable information. The practical procedures of lipidomics
were recently reviewed by Wolf and Quinn [2008].
An important outcome of lipidomics has been the development of the comprehensive classification system for
lipids that was discussed previously (see ‘Lipid Classes’,
above). This new classification system will facilitate international communication about lipids and helps to deal
with the massive amounts of data that will be generated
by lipidomilogists.

Fat Digestion, Metabolism and Physiology

Digestion
Lipidomics
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The sciences of genomics, proteomics and metabolomics led to the new science of lipidomics. The term lipidomics started to appear in the literature from 2003 onwards [Lagarde et al., 2003]. Lipidomics is the full characterization of the molecular species of lipids in biological
samples. Its aim is to relate the lipid compositions of biological systems to their biological roles with respect to
expression of proteins involved in lipid metabolism and
function, including gene regulation [Spener et al., 2003].
The molecular species of lipids of biological samples are
extremely diverse and are arranged in various combinations and permutations. Identification of these complex
molecules is a considerable challenge. The other challenge is to relate the analytical data to their biological
functions. Nevertheless, the underlying strategy in lipidomics involves firstly isolation of the biological sample
and their sub-fractions, and secondly, extraction of the
complex lipids free from the proteins and other compo-

Digestion is the process by which large food molecules
are broken to smaller components which are small enough
to be absorbed by the gastrointestinal tract lining. Digestion is accomplished by enzymes secreted by both intrinsic and accessory glands into the lumen of the alimentary
canal.
Dietary fats are composed mainly of TGs containing
various long-chain saturated and unsaturated fatty acids
as well as a small proportion of short- and medium-chain
fatty acids. Since they are water-insoluble compounds,
they cannot be transferred to the enterocyte in their intact form. Therefore, the ingested TGs are emulsified and
hydrolyzed to monoacylglycerols and free fatty acids prior to absorption. The digestive process is very complex
and requires coordinated lingual, gastric, intestinal, biliary and pancreatic functions. Usually, the entire fat digestive and absorption process lasts for 16–24 h if no food
is consumed after the initial meal [Bisagaier and Glickman, 1983]. Initially, the dietary fat is masticated and

Tissues and cells
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Solvent extraction
of lipids
Addition of internal
standards
Storage/concentration
of extracts
Direct infusion in
EPI/APCI source
LC separation of
polar lipid classes
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MS (single stage)
MS survey of lipid classes
fragment ion or neutral loss

mixed with lingual lipase, followed by hydrolysis by gastric lipase in the stomach and then by pancreatic lipase in
the small intestine. Although a small amount of fat-digesting enzyme (or lipase) is secreted from glands of the
tongue (lingual lipase), in children and adults, the small
intestine is essentially the sole site of fat digestion because
the pancreas is the only significant source of fat-digesting
lipases. In the newborn, however, the pancreatic secretion of lipases is low. In newborns, partial breakdown of
fat is performed by a lipase present in human milk and a
lingual lipase before the main digestive site of the small
intestine is reached. As the baby is weaned onto solid
food, the major site of fat digestion shifts to the upper part
of the intestine, the duodenum, and this remains the primary site of fat digestion into adulthood [Gurr, 1999].
In children and adults, TGs are first hydrolyzed by a
gastric acid lipase which predominantly attacks the shortand medium-chain fatty acids in the sn–3 position of the
TG molecule. The gastric lipase is responsible for up to
20% of total TG hydrolysis [Lehner and Kuksis, 1996].
The released short- and medium-chain fatty acids are absorbed directly into the bloodstream from the stomach.
The stomach plays a further role in fat digestion, since
its churning action facilitates formation of oil-in-water
emulsion. This emulsion is stabilized by PLs. The emul24
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MS/MS determination of
molecular species structure

sification reduces the attraction between the fat molecules so that they can be widely spread. This process vastly increases the number of TG molecules exposed to the
pancreatic lipases. The emulsified acylglycerols enter the
duodenum where they stimulate contraction of the gallbladder and release of bile and pancreatic juice. The bile
acids attach themselves to the emulsion particles imparting a negative charge and co-attracting colipase, a protein
present in pancreatic juice that binds to TG molecules.
The composition of the fat entering the upper duodenum
is 80% TG with the remainder consisting of partially digested hydrolysis products formed primarily by gastric
lipase. The pancreatic secretion contains a sn–1(3)-specific pancreatic lipase. This enzyme acts on TGs yielding
small amounts of 1,2- and 2,3-diacylglycerols as intermediates and 2-monoacylglycerols and free fatty acids as final products [Mu and Porsgaard, 2005]. Although, the
pancreatic lipase attacks both 1 and 3 positions of TG, the
relative rates of hydrolysis depend on the molecular structure of fatty acids in the TG molecules [Jensen et al.,
1995]. In general, over short periods of time, the enzyme
discriminates against long-chain fatty acids [Yang et al.,
1990; Ikeda et al., 1995]. As a result, the longer-chain fatty acids (chains longer than C20) are released more slowly than the more common C16 and C18 fatty acids. The
Ratnayake /Galli
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Fig. 7. A flow diagram of the overall lipidomics procedure. LC = Long-chain; MS =
mass-spectrometry. Adapted from Wolf
and Quinn [2008].

Absorption of Products of Digestion
Generally, fatty acids of chain length shorter than C12
are directly absorbed across the gut wall as individual
fatty acids, bound to albumin and travel through the portal vein and are transported to the liver, where they are
rapidly oxidized [Gurr and Harwood, 1991].
Long-chain fatty acids, 2-monoacylglycerol, lysophospholipids and cholesterol are mixed with bile salts and
lecithin (a PL found in bile) to form micelles, which are
polymolecular aggregates of fatty elements clustered together with bile salts in a way that the polar (hydrophilic)
ends of the molecules face the water and the non-polar
portions (hydrophobic) form the core. Also trapped in
the hydrophobic core are cholesterol molecules and fat
soluble vitamins. The micelles are very small particles
(which are about 1/100 as large in diameter as the emulsion particles) [Johnston, 1970] and easily diffuse between microvilli of the enterocyte of the intestinal wall
and come in close contact with luminal cell surface. The
various lipid substances then leave the micelles and enter
epithelial cells by diffusion. The fat-soluble vitamins are
absorbed at the enterocytes by interacting with transporters, and this gives rise to competition between lipidsoluble micronutrients and saturation of the process.
In humans, the absorption [(intake – excreted)/intake]
of most common dietary fatty acids is 195%. However,
the absorption of stearic from high stearic acid sources
appears to be low (65%) according to some studies, alFat and Fatty Acid Terminology,
Analysis, Digestion and Metabolism

though investigators in other studies have observed absorption rates similar to those of other SFAs. In mixed
diets fed to humans, absorption of stearic acid was found
to be as high as 94% [Baer et al., 2003].
Effect of Food Structure on the Bioavailability of
Lipids
There are some studies which indicate that food structure can influence the apparent bioavailability of lipids
from foods. The physical nature in which triglycerides
are found in foods can affect the rate of digestion of the
food TGs. This concept is already well established for carbohydrates in the glycemic index. Nestel et al. [2005]
showed that a diet containing 40 g dairy fat eaten daily
for 4 weeks as cheese did not raise total and low-density
lipoprotein (LDL) cholesterol compared with butter. Clemente et al. [2003] found that the physical structure of
fat-rich foods (milk, mozzarella cheese, butter) had no
major effect on postprandial plasma triglyceride concentrations; however, there was a significant influence on the
timing of the triglyceride peak in plasma. Another study
reported that pre-emulsification of an oil mixture prior
to ingestion increased the absorption of longer chain
PUFAs (especially EPA and DHA) but did not affect
absorption of shorter chain less SFAs [Garaiova et al.,
2007].
The n–3 fatty acids from fish appear to be more efficacious, in terms of cardio protection, than equivalent
amounts provided as capsules [Visioli et al., 2003]. Volunteers were given, for 6 weeks, either 100 g/day of salmon, providing 383 mg of EPA and 544 mg of DHA or 1 or
3 capsules of fish oil/day, providing 150 mg of EPA and
106 mg of DHA or 450 mg of EPA and 318 mg of DHA,
as ethyl esters. Further, they evaluated data from a previous study carried out with the same design, i.e. with 3 and
6 capsules/day of fish oil, providing 1,290 and 2,580 mg/
day EPA and 960 and 1,920 mg/day DHA. Marked increments in plasma EPA and DHA concentrations (g/mg
total lipid) and percentages of total fatty acids were recorded at the end of treatment with either n–3 capsules
or salmon. Net increments of EPA and DHA in plasma
lipids were linearly and significantly correlated with the
dose after capsule administration. Further, increments in
plasma EPA and DHA concentration after salmon intake
were significantly higher than after administration of
capsules. The same increments would be obtained with
at least 2- and 9-fold higher doses of EPA and DHA, respectively, if administered with capsules rather than
salmon. These data provide experimental evidence that
n–3 fatty acids from fish are more effectively incorpoAnn Nutr Metab 2009;55:8–43
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degree of unsaturation seems to have a minimum influence. However, these differences in the relative rates of
hydrolysis fatty acids are a very minor issue, because prolonged digestion leads to hydrolysis of all fatty acids in 1
and 3 positions and to formation of 2-monoacylglycerols.
As previously discussed (see ‘Glycerolipids’, above), most
dietary fats tend to have the PUFAs in the sn–2 position
and therefore the formation of 2-monoacylglycerols facilitates the absorption of PUFA at the sn–2 position and
the retention of these fatty acids in the glycerol lipids that
are subsequently generated and transferred to tissues.
The pancreatic secretion also contains phospholipase
A2 which hydrolyses the fatty acids in the sn–2 position of
glycerophospholipids and gives rise to the sn–1-lysophospholipd and free fatty acids [Tidwell et al., 1963; Borgstrom, 1974]. Any ingested CEs are hydrolyzed completely to free cholesterol and free fatty acids in the duodenum
by pancreatic CE hydrosylate [Nilsson, 1969]. Fat soluble
vitamins (vitamins A, D, E and K) require no hydrolysis.

Transport of Lipids
The lipid digestion products absorbed into the enterocyte are transported to the endoplasmic reticulum in association with a fatty acid binding protein [Lehner and
Kuksis, 1996]. The fatty acids are activated to their CoA
derivatives by acylcoenzyme A and converted into TG by
either the monoacylglycerol pathway or the sn-glycero-3phosphate pathway. In the monoacylglycerol pathway,
the free fatty acids are esterified with the 2-monoacylglycerols sequentially to form first a diacylglycerol and
then a TG. This conversion is catalyzed by acylcoenzyme
CoA synthetase, monoacylglycerol transacylase, and diacylglyceroltransacylase which are present in the smooth
endoplasmic reticulum [Tso, 1985]. The other pathway
takes place in the rough endoplasmic reticulum. It involves activation of the free fatty acids to acylcoenzyme
A derivative and stepwise acylation of sn-glycero-3-phosphate and/or dihydroxyacetone, produced during glycolysis, to phosphatidic acid, hydrolysis of phosphatidic acid
to sn-1,2-diacylglycerol, which is acylated further to TG
[Lehner and Kuksis, 1996].
About 75–85% of TG is synthesized via the monoacylglycerol pathway. The sn-glycero-3-phosphate pathway
becomes active when only long-chain 2-monoacylglycerols (hydrolytic product of dietary TGs) are absorbed by
the enterocyte.
The absorbed lysophospholipids can be esterified to
phosphatidylcholine by the action of lysolecithin acyltransferase which is found in both smooth and rough endoplasmic reticulum [Tso, 1985]. A high proportion of
the absorbed cholesterol is esterified in the intestine at
the cellular level, including enterocytes, by the acyl CoA
acyl transferase, and in plasma through the lecithin cholesterol acyl transferase, the enzyme that transfers the
fatty acids in position 2 of phosphatidyl choline (lecithin), mainly PUFA, to cholesterol.
The newly synthesized TGs, PLs and CEs are transported out of the enterocyte and into the bloodstream via
the lymph vessels. Since lipids are insoluble in the aqueous environment of the blood, they are bound to protein
to form a lipoprotein that is soluble in aqueous media.
This particles are called chylomicrons, which are processed in the Golgi apparatus and consists of a non-polar
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core containing the re-synthesized TGs and CEs that is
covered by a coat of protein, PLs and cholesterol. The protein moieties are known as apolipoproteins (or apo). In
addition to stabilizing the lipoproteins, the apolipoproteins confer specificity to particles, allowing them to be
recognized by specific receptors on the surface of the cells
in different body tissues and organs, thereby enabling
them to be taken up from the blood and regulating their
metabolism. The apolipoprotein of chylomicrons include
mainly apoB-48, with some apoA-I, apoA-II, apoA-IV,
and apoE [Simmonds, 1972].
While in the blood stream, the TGs of the chylomicrons are hydrolyzed to free fatty acids and glycerol by
lipoprotein lipase, an enzyme associated with the capillary endothelium. The fatty acids and glycerol can then
pass through the capillary walls to be used by cells as energy or stored as fats in adipose tissue. Some of the free
fatty acids released bind to albumin and are cleared by
the liver [Bergman et al., 1971]. The remnants of chylomicron material are combined with proteins of the liver
cells and these new lipoproteins are used to transport
cholesterol in the blood.
The chylomicron remnants have some apoB-48, apo E,
PLs, cholesterol, CEs, and some TGs [Havel, 1985]. These
remnants are cleared from the circulation by the liver
LDL receptor [Redgrave, 2004]. ApoE is the major apoprotein constituent of chylomicrons, their remnants and
also that of very-low density lipoprotein (VLDL). It is a
determinant for the receptor-mediated catabolism of
these TG-rich lipoproteins. Thus, high ApoE levels are
generally expected to increase lipid clearance [Chalas et
al., 2002]. ApoB-48 does not bind to the LDL receptor and
thus does not aid in the clearance of chylomicron remnants [Hui et al., 1981].
VLDLs are large TG-rich lipoproteins produced in the
liver from endogenous fat, as opposed to chylomicrons
which transport exogenous fat. VLDLs consist primarily
of TGs, small amounts of cholesterol and PLs, and release
them into the circulation [Havel, 1985]. VLDLs are the
main carriers of TGs and also substrates for endothelial
lipoprotein lipase and supply free fatty acids to adipose
and muscle tissues. Through the lipase hydrolysis, they
lose some of the TGs and are transformed to intermediate-density lipoproteins and finally to LDL. The core
mainly consists of CEs and PLs [Polonovski and Beucler,
1983] and 1 type of apolipoprotein B [Smith et al., 1978].
LDL is taken by LDL receptor of peripheral tissue and
liver. LDL primarily transfers CEs in plasma to the peripheral tissues where they are hydrolyzed to free cholesterol and then re-esterified [Sodhi et al., 1978].
Ratnayake /Galli
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rated into plasma lipids than when administered as capsules and that increment in plasma concentrations of EPA
and DHA given as capsules are linearly correlated with
their intakes.

Metabolism of Fatty Acids
Fat Oxidation
Fat, stored as TGs, is the body’s most concentrated
source of energy. The energy yield from the catabolism of
1 g of fat is approximately 9 kcal (37.7 kj), compared to
4 kcal (16.8 kj) from protein or carbohydrates.
Catabolism of fat involves the oxidation of their 2
building blocks, glycerol and fatty acid chains. Most body
cells easily convert glycerol to glyceraldehyde phosphate.
Glyceraldehyde is half a glucose molecule, and the energy
released from it is half that of carbohydrate and accounts
approximately for 5% of fat energy [FAO/WHO, 1994].
Fatty acids yield energy by ␤-oxidation in the mitochondria. During this process, fatty acid chains are broken apart into acetic acid fragments and yields acetyl
CoA molecules which enter the tricarboxylic cycle to be
oxidized to carbon dioxide and water and release energy.
Overall the ␤-oxidation process is not very efficient since
it requires transport into the mitochondria by carnitine
in steps: dehydrogenation at the ␣-␤ carbon atoms with
the formation of a trans bond at ⌬2 yielding a trans-⌬2enoyl-CoA, hydroxylation of the trans bond, oxidation of
the hydroxyl groups to form ketogroups and cleavage of
acetyl-CoA. This may be one of the reasons why fatty acids are less efficiently used for energy production than
Fat and Fatty Acid Terminology,
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carbohydrates, and are preferentially stored in the adipose tissue. In addition, oxidation of long-chain fatty acids takes place initially in peroxisomes and is not very
efficient. This is probably one of the reasons why erucic
acid is somewhat cardiotoxic because it is not oxidized in
the heart and therefore tends to accumulate resulting in
cardiac lipidosis.
The fatty acid structure affects the rate of fatty acid
oxidation. In general, various animal and human studies
have suggested that long-chain fatty acids are oxidized
more slowly and unsaturated fatty acids oxidized more
rapidly than SFAs. In rats, oxidation of SFAs decreases
with increasing carbon chain length (laurate 1 myristate
1 palmitate 1 stearate) [Leyton et al., 1987]. For unsaturated fatty acids, 24-hour oxidation is in the order ALA
1 OA 1 LA 1 AA. However, data from human studies using isotopic tracer methodologies have revealed inconsistent observations. Jones et al. [1985] have shown a greater
oxidation rate of OA compared with LA or ALA. DeLany
et al. [2000] gave human subjects labelled fatty acids in a
blended meal and found that the oxidation of ALA was
higher than that of LA and OA, which had similar rates
of oxidation. A recent study by McCloy et al. [2004] also
found greater oxidation of ALA compared to LA, but the
oxidation rate of ALA was similar to that of OA.
The inconsistencies in the various tracer studies may
be related to the method used to measure fatty acid oxidation and possibly also to the differences in the background diets. The importance of the composition of pretrial diet was outlined by Jones [1994] who found that rats
fed a pre-trial diet containing equal amounts of OA, LA
and ALA for 10 weeks exhibited no differences in the capacity to oxidize 18 carbon unsaturated fatty acids. These
inconsistencies in the literature may suggest that our understanding of the relative oxidation rates of the more
common unsaturated fatty acids is far from complete.
De novo Synthesis of Fatty Acids
The synthetic process involves the breakdown of excess dietary carbohydrates to acetate units and condensation of acetate, as acetyl CoA with bicarbonate to form
malonyl CoA. Acetyl CoA then combines with a series of
malonyl CoA to form SFAs of different carbon lengths, of
which the end product is palmitic acid (16:0). The fatty
acid synthetic reactions up to this stage take place within
the fatty acid syntheses complex. Once palmitic acid is
released from the synthetic complex, it can be elongated
to stearic acid and even higher SFAs by further additions
of acetyl groups, through the action of fatty acid elongation systems.
Ann Nutr Metab 2009;55:8–43
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Another lipoprotein that plays an important role in
lipid transport is high-density lipoprotein (HDL). In humans, HDL carries 15–40% of plasma total cholesterol
and is involved in the transport of cholesterol from peripheral tissues to liver. HDL particles consist of apoE,
apoA-I, apoA-II, apoA-IV, apoA-V, apoC-I, apoC-III with
PLs and unesterified cholesterol. ApoA-I and apoA-II are
the major apolipoproteins [Watts et al., 2008]. There is
recent evidence that nascent HDL particles originate in
liver and intestine as lipid-free or lipid-poor apolipoproteins [Basso et al., 2003; Brunham et al., 2006] and these
newly formed HDL particles gradually acquire cholesterol and PLs from the liver and from cells in extrahepatic
tissues. ApoA-I and to a lesser extent apoA-II play a key
role in cholesterol efflux [Watts et al., 2008]. The enzyme
lecithin cholesterol acyltransferase, carried on HDL particles, then esterifies the free cholesterol to CEs, which
migrate to the core of the HDL particles to form the mature spherical HDL particles [Lewis and Rader, 2005;
Krimbou et al., 2006]. The mature HDL particles transfer
CEs to VLDL and chylomicrons and this transfer is mediated by cholesterol ester transfer protein (CETP).
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ford et al. [2004] have shown that free-living healthy humans have the capacity for de novo synthesis. They estimated based on the incorporation of deuterium from
deuterated water on the glycerol moiety of TGs that de
novo synthesis contributes on average approximately
20% of newly formed adipose TG-palmitate. However,
there was a considerable individual variation (12 to 36%).
The biological sources of individual variability remain
unresolved, but Strawford et al. [2004] have indicated
that factors such as background diet, physical activity,
genetics, hormones, etc., may explain most of the variability among individuals.
Metabolism of LA and ALA to Long-Chain PUFAs
Although mammals can readily introduce double
bonds at the ⌬9 position, they cannot introduce additional double bonds between ⌬10 and the methyl terminal end. Thus, LA and ALA cannot be synthesized by
mammals, but plants can synthesize both, by introducing
double bonds at ⌬12 and ⌬15. Because they are necessary
precursors for the synthesis of long-chain PUFAs and
eicosanoids, LA and ALA are EFAs and they must be obtained from plant materials in the diet.
Once LA and ALA are obtained from the diet, they are
converted to n–6 and n–3 PUFA families by a series of
alternating desaturation and elongation reactions. Figure 8 presents a schematic representation of the biosynthetic pathway as it is currently understood. The 2 pathways (i.e. n–6 and n–3) are independent of each other and
there are no cross reactions. Nevertheless, both pathways
use the same desaturation and elongation enzymes.
Therefore, there is competition between LA and ALA for
these enzymes. OA is also a substrate for the ⌬6 desaturase and therefore it also competes with LA and ALA for
the ⌬6 desaturase. The pathway needs only the ⌬6 and
⌬5 desaturases of the microsomal system and a chainshortening step involving the ␤-oxidation mechanism in
the peroxisomes [Moore et al., 1995; Sprecher, 2002]. The
first step involves insertion of a double bond at the ⌬6
position of LA and ALA by the action of ⌬6 desaturase,
which is followed by chain elongation by 2 carbon units
by elongase and an insertion of another double bond at
the ⌬5 position by ⌬5 desaturase to form AA (20:4n–6)
and EPA (20:5n–3), respectively. The first step of desaturation by ⌬6 desaturase activity is the rate-limiting step
of this pathway. The affinity for ⌬6 desaturase for ALA is
greater than for LA. However, the typically high intake of
LA and also higher concentration of LA and low concentration of ALA in tissue lipids results in greater conversion of n–6 PUFA. In the next step, AA and EPA are elonRatnayake /Galli
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In animal tissues the desaturation of de novo synthesized SFAs stops with the formation of MUFA of the n–9
series. This conversion is performed by ⌬9 desaturase,
which is a very active desaturase enzyme in mammalian
tissues, and introduces double bonds at the 9–10 position
of the fatty acid chain. OA (18:1⌬9 or 18:1n–9) is the main
product of ⌬9 desaturation. Small amounts of 16: 1n–9
are also formed. These MUFAs may be substrates for
fatty acid elongase, which produces cis-vaccenic acid
(18: 1⌬11 or 18: 1n–7) from palmitoleic acid and eicosenoic (20: 1n–9), erucic (22: 1n–9) and nervonic acids
(24:1n–9) from OA.
In the absence of dietary LA and other PUFAs, OA,
which is the most abundant unsaturated fatty acid in tissues, is further desaturated and this step is followed immediately by elongation as shown in figure 7 to form the
n–9 family of PUFAs. The ⌬6 desaturase introduces a
double bond at the 6–7 position and the ⌬5 desaturase at
the 5–6 position of the fatty acid chain. In a similar fashion, palmitoleic acid is converted to form the n–7 family of PUFAs. The accumulation of eicosatrienoic acid,
20:3n–9 (Mead acid) of the n–9 family in tissues, which
is normally found in trace amounts only, is characteristic
of EFA deficiency [Holman, 1970]. However, EFA deficiency seldom occurs in the general population consuming ordinary diets. The accumulation of 20:3n–9 in tissues can be prevented by intake of LA at 1% of total energy [FAO/WHO, 1994]. It should be cautioned, however,
that the amount of EFAs required to prevent deficiency
symptoms may not represent the amount needed for
maintaining optimum functioning of the body.
Dietary fatty acids have a significant influence on the
de novo synthesis of fatty acids. For some time it was
thought that only PUFA suppressed fatty acid synthesis,
but SFA also suppresses fatty acids synthesis [Kelly et al.,
1986]. It is likely that all dietary fatty acids, except shortchain fatty acids absorbed through the portal vein suppress de novo fatty acid synthesis [Vemuri and Kelley,
2007]. The excess CoA derived from dietary fatty acids in
the liver is probably responsible for suppressing the de
novo synthesis by inhibiting both acetyl CoA carboxylase
and fatty acid synthase [Gurr and James, 1980].
De novo synthesis is well documented in simple biological systems such as in cultured cells and in many animal species. However, generally it is accepted that little
or no de novo synthesis takes place in humans when adequate or excess calories are consumed in a high-fat diet.
But when carbohydrates are fed in excess of energy requirement, the conversion of carbohydrates to fatty acids
occurs, and this takes place in the liver. Studies by Straw-
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gated by 2 carbon units to 22:4n–6 and 22:5n–3, respectively.
For a long time it was assumed that a ⌬4 desaturase is
involved in the final steps of the n–6 and n–3 biosynthetic pathway. But, now it is known that the pathway involves further elongation of 2 carbon units in 22: 4n–6
and 22:5n–3 (n–3 DPA) to produce 24:4n–6 and 24:5n–3,
respectively (fig. 8). These C24 PUFAs are then desaturated by ⌬6 desaturase to yield 24: 5n–6 and 24: 6n–3.
This is the same desaturase enzyme that desaturates LA
and ALA [D’Andrea et al., 2002]. DHA is formed from
24:6n–3 by chain shortening by 2 carbon units by 1 cycle
of the ␤-oxidation pathway. By the same chain shortening mechanism, 22:5n–6 is produced from 24:5n–6. The
⌬5 desaturase and the subsequent steps in the pathway
are found only in animals but not in plants.
AA is the predominant product of the n–6 pathway
and it is present only in the animal kingdom and aquatic
plants. AA is present in animal foods, but to a limited extent [Ackman, 2008a] and estimates of daily intakes are
in the order of a few hundred milligrams. AA is a major
constituent of structural lipids in most tissues, and total

amounts in the body can be estimated in the order of several tens of grams, especially considering the very high
levels in certain organs (brain, liver, heart). Due to the
limited direct supply by the diet, the high levels in the
body and also the high turnover rates and requirements,
it is therefore feasible that most of the endogenous AA is
produced through metabolic LA conversion. This is supported by various types of evidence. Various agents and
conditions appear to affect the LA conversion in vitro
and in vivo. For examples, lipid lowering drugs [Hroboticky et al., 1994; Risé et al., 1997, 2001], cigarette smoke
[Marangoni et al., 2004b; Agostoni et al., 2008]. Furthermore, the immediate precursor of AA, DGLA (20:3n–6)
is detectable in appreciable concentrations in plasma and
cells, while it is not apparently supplied by the diet, indicating that it is produced through LA conversion. Measurement of the AA/DGLA ratios in the appropriate lipid
pools in the body (plasma, cells), may therefore be an indirect indicator of the efficiency of the ⌬5 desaturation
step.
The global conversion rates of LA to AA in relation to
the uptakes, however, have not been fully assessed. It ap-
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n–6 and n–3 fatty acid metabolism.

EFA Deficiency and Long-Chain PUFA Levels in
Tissues
In the case of EFA deficiency (inadequate intakes of
LA), reduction of AA levels occurs and is partially counterbalanced by enhanced conversion of OA to its longer
chain, more unsaturated derivative, 20:3n–9, whose concentration in plasma and tissues is usually low. The
20:3n–9/20:4n–6 ratio is therefore increased, which is a
biomarker of EFA deficiency.
In brain lipids, the longer chain products 22:4n–6 and
24:4n–6 are detectable. However, of the other n–6 longer
products, 24:5n–6 is not measurable in plasma, cells and
tissues, being detectable only in metabolic studies, e.g. in
cultured cells, with the use of isotopes. 22:5n–6 is present
only in trace amounts in plasma and tissues, but its concentrations are raised in the case of n–3 deficiency [Galli
30

Ann Nutr Metab 2009;55:8–43

et al., 1971; Innis, 1991; Greiner et al., 2003], most likely
to compensate for the reduction of DHA. The 22:5n–6/
22:6n–3 ratio proposed as a marker of n–3 deficiency in
animal studies, however, does not appear to be predictive
of the DHA status in humans [Innis et al., 2004].
The attention concerning the biological properties of
long-chain PUFA has been mainly devoted to EPA and
DHA, but n–3 DPA (22:5n–3) also deserves attention for
various reasons. It is an intermediate in the conversion of
EPA to DHA. Its level in tissues depends on the balance
from EPA and its conversion to DHA. The relative levels
of n–3 DPA can hence be considered indicators of the
overall metabolic pathway in the body. Evidence is also
emerging that n–3 DPA levels may be positively correlated with expression of certain enzymes involved in inflammatory processes in the cardiovascular system (e.g.
metalloproteinase 9) [Solakivi et al., 2005]. It is postulated that inflammatory processes may activate the overall n–3 metabolic pathway, but the reduced efficiency of
the metabolic process under these conditions will lead to
elevation of n–3 DPA.
Efficiency of Conversion of ALA to EPA and DHA
The efficiency of conversion of ALA to its C20 and
C22 n–3 PUFA is an important nutritional issue since
there is evidence that enhanced EPA and DHA status in
blood and tissues is important for optimal health; for example, there are beneficial effects on key risk factors of
coronary heart disease and, in infants, for the development of the central nervous system. It has been proposed
that an omega-3 index (erythrocyte EPA + DHA levels
with respect to total fatty acids) !8% can be considered
as a potential risk factor for coronary heart disease, especially sudden cardiac death [Harris, 2008]. Since the consumption of EPA and DHA (mainly from marine fish) is
very low and ALA is the primary n–3 fatty acid consumed
(from plant sources) in many parts of the world, it is imperative to have a good understanding of the extent to
which ALA is converted to EPA and DHA. Unlike, AA,
very little EPA, n–3 DPA and DHA are present in tissue
lipids of animals eating a diet derived largely from terrestrial plants and animals.
Although humans and animals have the capacity to
convert ALA to EPA and DHA, the efficiency of conversion appears to be low, in particular to DHA. This is attributable to the observation that increased dietary intakes of ALA result in an increase in the level of ALA,
EPA and n–3 DPA, but little or no change in the level of
DHA in plasma or tissues [Li et al., 1999; Burdge and
Calder, 2005; Brenna et al., pers. commun., 2008]. Tissue
Ratnayake /Galli
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pears in essence that, above certain levels in the diet, LA
intakes do not result in elevation of AA levels [Marangoni et al., 1992]. In human studies in different population groups, higher dietary levels of LA also do not appear
to be correlated with higher AA levels in platelets and
RBC [Dougherty et al., 1987]. Controlled studies with the
administration of liquid formulas devoid of AA and containing either 0 or 20% of LA showed that enhancement
of dietary LA intakes does not consistently contribute to
PG biosynthesis [Adam et al., 2003a]. Possible mechanisms underlying these types of effects are:
• inhibition of key desaturation steps in the conversion
of LA to AA (the ⌬6 and 5 desaturases) by high concentrations of the substrates, a process observed during in vivo studies;
• competition for esterification into the 2 position of
glycerol of glycerolipids between the 2 PUFAs, a process that would lead to reduction of AA in the presence
of high availability of LA;
• enhanced oxidation of LA, following high intakes,
may also contribute to reduce the overall conversion
of LA to AA;
• very high LA intakes would probably result in enhanced storage of the excess LA in the adipose tissue,
and hence this fatty acid would be ‘sequestered’ from
metabolic conversion.
However, the intake of preformed AA may partly contribute to endogenous AA levels. As shown by the higher
AA levels in subjects on a normal Western diet compared
with those on a lacto-vegetarian diet providing less than
90 mg AA/day [Adam et al., 2003b] and in subjects eating meat at least 3 times/week versus !2 times/week
[Marangoni et al., 2007].

this study, daily intake of ALA was increased to 3 g by
substituting perilla (55–60% ALA) for soy oil (7% ALA).
At 3 months, there were increases in plasma ALA and
EPA, but not DHA. At 10 months, DHA increased by 21%,
and then returned to baseline 3 months after being
switched back to soy oil. A study in India showed considerable increases of EPA, n–3 DPA and DHA in plasma,
but not in platelets, by partially substituting canola oil
(10% ALA) for sunflower oil (!1% ALA) or peanut oil
(!1% ALA) to obtain cooking oils with 25–40% LA and
4% ALA [Ghafoorunissa et al., 2002]. On the basis of increased long-chain n–3 PUFA, the authors estimated that
0.75% energy (2.2 g) as ALA may be required to increase
plasma PL levels of long-chain n–3 PUFA to the same extent as 0.1% energy (0.3 g) from pre-formed n–3 longchain PUFA of fish oil. The above studies suggest that
blood levels of DHA can be improved by long term intakes of vegetable oils containing ALA and less LA. The
results of the Indian study suggests that it is not essential
to have a large increase in ALA intake, but a modest increase leads to significant improvement in the long-chain
n–3 PUFA status. This observation is very important for
vegetarians and for those who for various reasons do not
include fish in their regular diets. Further research needs
to be performed to confirm these findings. However, the
increase in DHA may not be immediate and also may not
be as effective as direct consumption of DHA from fish
or fish oil supplements [Innis and Hansen, 1996; Grimsgaard et al., 1997; Mori et al., 2000; Park and Harris, 2002;
Woodman et al., 2002; Arteburn et al., 2006].
A major rate-limiting step in ALA conversion to longchain n–3 PUFA is considered to be the first ⌬6 desaturation, the product of which is SDA. SDA is the precursor
of 20:4n–3 and is regarded as a good metabolic source of
C20 and C22 n–3 PUFA. In both human and animal
studies, the tissue EPA levels were significantly more increased in groups with dietary SDA than in the ALA
group [Li et al., 2002a]. Dietary SDA from the novel oils
as mentioned previously might be viable sources of longchain n–3 PUFA, particularly for vegetarian groups.
However, even with SDA, the tissue accumulation of
DHA is poor.
The competition between substrates for ⌬6 desaturase also extends to the 24 carbon fatty acids (24:5n–3 and
24:4n–6) at the second use of the enzyme in the synthesis
of DHA and 22: 5n–6, respectively (fig. 8). Most likely,
both 24:5n–3 and 24:4n–6 are in direct competition with
LA and ALA for access to the ⌬6 desaturase. These competitions further limit the formation of DHA in tissues
[Portolesi et al., 2007].
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compositional studies in animals have demonstrated that
diets rich in ALA do not lead to high tissue levels of DHA.
However, increases in ALA in most tissues and smaller
increases in EPA and n–3 DPA have been noted [Christie,
1981; Woods et al., 1996; Abedin et al., 1999; Bowen et al.,
1999; Bowen and Clandinin 2000, 2005; Fu and Sinclair,
2000]. The predominant fate of ALA is catabolism [Cunnane and Anderson, 1997; Plourde and Cunnane, 2007]
and carbon recycling to acetate [Cunnane et al., 2003]. In
rodents only about 16% of dietary ALA is found in tissues, and 6% was converted to long-chain PUFA [Lin and
Salem Jr., 2007].
The outcomes of most of the human feeding studies
with ALA were similar to those of the above animal studies [Mantzioris et al., 1994; Gerster, 1998; Li et al., 1999,
2002a, 2002b; Francois et al., 2003; Burdge and Calder,
2005; Brenna et al., pers. commun., 2008]. Generally, ALA
intakes led to increases in ALA, EPA and n–3 DPA but
very little increase in DHA in plasma fractions (platelets,
white cells and RBCs) or breast milk. Many studies also
reported a tendency for DHA to decline when ALA consumption is markedly increased [Burdge and Calder,
2005]. Stable isotope tracer studies have also shown that
healthy adult men have only a limited potential to convert
ALA to EPA and that further transformation to DHA is
very low. According to Pawlosky et al. [2001], the efficiency of conversion of ALA to EPA is 0.2%, of EPA to n–3
DPA is 65% and of n–3 DPA to DHA is 37%. The overall
efficiency of conversion of ALA to EPA is 0.2%, to n–3
DPA is 0.13 and 0.05% to DHA. There are several possible
explanations for the poor conversion of ALA to DHA. A
large proportion of ingested ALA is ␤-oxidized to acetyl
CoA, which is recycled into de novo synthesis of cholesterol, SFAs and MUFAs, or further metabolized to carbon
dioxide [DeLany et al., 2000]. It is the most rapidly oxidized unsaturated fatty acid [Nettleton, 1991]. Unlike LA,
acylation ALA to tissue lipids is low. The concentration of
ALA in PLs of plasma and tissues is usually !0.5% of total
fatty acids [Burdge and Calder, 2005]. It is not known
whether this low content of ALA is sufficient to compete
with LA for the ⌬6 desaturase.
There are reports, however, that have shown significant increases in plasma DHA levels with ALA intakes
for a long period or with very high doses. Mest et al. [1983]
reported that 30 ml of flaxseed oil consumed daily (providing approximately 15 g ALA per day) with the usual
diet for 4 weeks resulted in significant increase in EPA
and DHA, and decrease in AA in plasma PL in healthy
volunteers. A study in Japan tested effects of long-term
intakes of ALA on elderly subjects [Ezaki et al., 1999]. In

Influence of Environmental Factors on the Conversion
of LA and ALA to n–6 and n–3 Long-Chain PUFA
A balance between LA and ALA in the diet is important because of their competitive nature and their different biological roles. The 1994 joint expert consultation
report recommended that the relative amounts of LA and
ALA in the diet should be between 5:2 and 10:1 [FAO/
WHO, 1994]. In a piglet study, it was shown that when the
level of LA is held constant at 13% of total fat, the maximum incorporation of DHA into erythrocytes, plasma,
liver and brain tissues appeared to be between LA:ALA
ratios of 4:1 and 2:1 [Blank et al., 2002]. This study and
other animal studies have predicted that ratios !4: 1
would have little beneficial effect on tissue DHA status
[Woods et al., 1996; Bowen et al., 1999]. However, a recent
hamster study observed that when the level of LA is held
constant at 2% of total energy, the maximum incorporation of DHA occurred in liver and plasma at an
LA:ALA ratio of 1:2 [Aziz et al., 2008].
In contrast to animal studies, a human feeding study
showed that the absolute amount of ALA, more than the
LA:ALA ratio, influences the conversion of ALA to its
derivatives [Goyens et al., 2006]. An increase in EPA synthesis was obtained by lowering the LA in the diet from
7% energy to 3% energy, whereas an increase in DHA
synthesis was achieved by increasing the amount of dietary ALA from 0.3% energy to 1.1% energy. These results
suggest that a reduction in dietary LA together with an
increase in ALA intake would be the most appropriate
way to enhance EPA and DHA synthesis [Sinclair et al.,
2002; Goyens et al., 2006]. Both absolute amount and the
ratio are important factors influencing the conversions.
However, this approach would not lead to substantial in32

Ann Nutr Metab 2009;55:8–43

crease in plasma DHA contents as can be obtained with
a moderate consumption of fish or marine oils [Brenna,
2002].
Another current concern is the extremely high level of
LA in the diets of many Western populations [Lands,
2008]. Typical consumption of LA in Europe, Australia
and North America ranges between 8.3 and 19.0 g per day
in men and 6.8 and 13.2 g per day in women [Burdge and
Calder, 2005]. This is typically about 10-fold higher than
the consumption of ALA. These levels of LA may be far
above that needed to prevent EFA deficiency. Drastic reduction in the consumption of LA is warranted in Western countries [Lands, 2008] which would result in greater
conversion of ALA to EPA and DHA. However, one needs
to be cautious with this approach since the Nurses’ Health
Study over many years showed that those nurses with
higher intakes of LA exhibited lower risks of cardiovascular disease and related mortality [Hu et al., 1997]. It is possible that the deficit in physiological levels of EPA and
DHA may be particularly important in contrast to higher
intakes of ALA. However, for those who are not consuming long-chain n–3 PUFA as EPA/DHA, the competition
for conversion to long-chain n–3 PUFA from ALA may be
compromised. It should be noted here that plant based
n–3 PUFAs may particularly reduce CHD risk when seafood-based n–3 PUFA intake is low, which has implications for populations with low consumption or availability of fatty fish [Mozaffarian et al., 2005].
Nutritional factors other than dietary levels of PUFA
are known to affect the activity of ⌬6 desaturase and may
therefore affect the efficiency of conversion of LA and
ALA to long-chain n–6 and n–3 PUFAs. Low insulin levels, deficiency of protein and minerals such as iron, zinc,
copper and magnesium, which are often associated with
malnutrition, decrease ⌬6 desaturase activity. Human
studies report a positive correlation between zinc levels
and AA and 20:3n–6 levels in plasma of cystic fibrosis
patients. In healthy subjects zinc showed an inverse relationship with long-chain n–3 PUFA. High carbohydrate
intakes increased circulating epinephrine and glucose
depressed ⌬6 desaturase activity. These observations
may have significance while considering the efficiency of
conversion of LA and ALA in populations from developing countries whose diets are deficient in energy and several nutrients.
Alcohol consumption has generally been found to decrease tissue long-chain PUFA concentrations, purportedly by suppressing conversion of LA to AA, as well as
ALA to EPA and DHA, by inhibiting ⌬6 and ⌬5 desaturases [Horrobin, 1987]. In animal studies, chronic alcohol
Ratnayake /Galli
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Limited data suggest that the conversion of ALA to
EPA and DHA is substantially greater in young women
[Burdge and Wootton, 2002] than in men of similar age
[Burdge et al., 2002]. This may be due to regulatory effects
of estrogen and partly to lower partitioning of ALA in
women towards ␤-oxidation [Burdge and Calder, 2005;
Pawlosky et al., 2007]. Capacity to up-regulate ALA conversion in women may be important for meeting the demands of the fetus and neonate for DHA.
In summary, the biosynthetic pathway in humans
does not appear to provide sufficient levels of ALA for it
to be a substitute for dietary EPA and DHA. High levels
of EPA and DHA in blood or other cells are attained only
when they are provided as such in the diet and this would
occur mostly from the consumption of fish and fish oil
which are rich sources of these long-chain PUFAs.
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ucts takes place mainly in the liver, is the efficiency of the
conversion steps in relation to liver function and disease
conditions. This topic has not been adequately studied
but it appears from the limited data available that levels
of AA and EPA are reduced in diabetic [Bassi et al., 1996]
and cirrhotic patients.
Fatty Acid Distribution in Different Lipid Classes and
in Different Types of Cells
DHA and AA are important structural components of
membrane lipids of the central nervous system [Sastry,
1985]. DHA can constitute up to 50% of the fatty acids in
phosphatidylethanolamine and phosphatidylserine of
the outer segments of the retina rods and cones. These
membranes are specialized for rapid transmission of
light. The PL of brain grey matter contains high proportion of DHA in phosphatidylethanolamine and phosphatidylserine and high amounts of AA in phosphatidylinositol. AA is also present in membrane PL, particularly in
phosphatidylinositol throughout the body. LA usually
represents !1% of brain and retina fatty acids and ALA
is almost completely absent.
Although there is a large body of data on the fatty acid
profiles of lipid classes of other tissues, it is difficult to
provide a generalized picture on fatty acid distribution in
lipids. This is primarily due to the fact that the fatty distribution in different lipid classes is the net result of various processes, dietary fat intake, absorption and metabolism. For example, King et al. [2006] found that many
fatty acids in RBC, PL and CE responded differently to
low-fat and high-fat diets. Nevertheless, results of a recent
study by Risé et al. [2007] are summarized below to illustrate the distribution pattern in blood specimens and in
lipid classes.
In this study, the fatty acid profiles of whole blood,
plasma, lipoproteins and RBC of 10 healthy subjects on
their usual lifestyle and diet were determined [Risé et al.,
2007]. The results show that LA is higher in plasma, lipoproteins (LDL and HDL) than in blood cells (platelets and
RBC). Whereas AA, 22: 4n–6 and 22: 5n–6 were more
concentrated in blood cells than in plasma and lipoproteins. The percentages of ALA were similar in plasma,
lipoproteins, while in platelets they were 50% lower. RBC
contained no ALA. DHA is higher than EPA in all blood
specimens, the highest levels were in RBC. On average,
EPA levels were 0.9% of total fatty acids, with the maximum value (1.1%) found in platelets. SFAs were higher
than total PUFA in RBCs, whereas platelets contained
similar proportions of SFAs and PUFAs. In all blood
specimens MUFAs were in the lowest proportion.
Ann Nutr Metab 2009;55:8–43
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exposure has resulted in decreased levels of AA, EPA and
DHA in liver, brain, retina and kidney [Harris et al., 1984;
Salem et al., 1996; Pawlosky and Salem Jr., 1995; Araya et
al., 2003]. Decreases in these long-chain PUFAs have also
been observed in the blood of alcoholics [Pawlosky and
Salem Jr., 2004]. In contrast, a study reported that low alcohol consumption during pregnancy is associated with
increased cord plasma DHA concentrations [Denkins et
al., 2000]. This finding might suggest that DHA, which is
required for central nervous system development and
function, is selectively conserved during pregnancy.
Cigarette smoking also affects the serum levels of
long-chain PUFAs. In epidemiological studies, smoking
is associated with lower serum levels of AA [Santos et al.,
1984; Leng et al., 1994; Simon et al., 1996] and DHA [Simon et al., 1996]. Smoking is known to increase platelet
aggregation, an effect consistent with smoking-associated differences in DHA levels [US Public Health Service,
1990]. Consistent with these findings, a cell culture study
has shown that cigarette smoke negatively and dose-dependently affects the biosynthetic pathway of the n–3
PUFA series in human mammary epithelial cells [Marangoni et al., 2004b]. Furthermore, a case-control study
has shown that maternal smoking during pregnancy is
associated with a reduction in long-chain PUFA levels in
infants [Agostoni et al., 2008]. In particular, higher levels
of LA and ALA and lower levels of the metabolic products
20:3n–6, AA, and DHA were found in infants born to late
smokers compared to nonsmokers. The 20: 3n–6/LA,
AA/20:3n–6 and DHA/ALA ratios, which are indices of
the metabolic processes in long-chain PUFA synthesis,
were also lower in infants born to smokers compared
with those born to nonsmokers.
In contrast to the above-mentioned studies, a recent
study of the effects of cigarette smoking on long-chain
PUFA biosynthesis using stable isotopes has shown that
smoking increases the metabolism, fractional synthesis
rate and plasma incorporation of n–3 PUFA in both men
and women [Pawlosky et al., 2007]. As a consequence, the
bioavailability of n–3 PUFA to tissues may be enhanced
in smokers compared with nonsmokers. Also, among
male and female smokers, the percent conversion of EPA
to n–3 DPA was enhanced and the fractional synthesis
rate for formation of DHA among women smokers was
triple that of nonsmokers. Agostoni et al. [2008] interpret
these contradictory results as a compensation for losses
resulting from lipid oxidation secondary to smoking.
An additional issue concerning PUFA metabolism,
that would need to be studied in detail, considering that
the conversion of LA and ALA to their long-chain prod-

Dietary n–6 polyunsaturated fatty acids

Cell membrane phospholipids
Phospholipase
Free arachidonic acid

LOX pathway

5S-HPETE

12-HETE

LTC4

PGH2

15S-HETE

LTA4

Fig. 9. The biosynthesis of eicosanoids
from arachidonic acid. COX = Cyclooxygenase; HETE = hydroxyeicosatetraenoic
acid. HPETE = hydroxyperoxyeicosatetraenoic acid; LOX = lipooxygenase; LT =
leukotriene; PG = prostaglandin; TX =
thromboxane. Adapted from Lee and
Hwang [2008].
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rived eicosanoids. The binding of a stimulant (e.g. a glucocorticosteroid) to a membrane receptor results in the activation
of phospholipase A2, which cleaves EPA
from membrane phosphatidylcholine. After its release from membrane PLs, free
EPA can be metabolized by various enzyme systems to form a range of biologically active compounds. They are generally less potent than the AA-derived metabolites that compete with EPA for the
enzymes. Adapted from Li et al. [2002a].
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Fig. 10. Biosynthetic pathways of EPA-de-

5S,6S-epoxy-18R-HEPE

the fatty acid status assessment. A simple, rapid method
for whole blood fatty acid analysis was previously described (see ‘Fat Extraction’, above).

EPA
P450

Aspirin-modiﬁed
COX-2

LOX
Resolvin E1

DHA

LOX

COX-2
LOX

7S-hydroperoxy-DHA

17R-hydroxy-DHA
LOX

17S-hydroxy-DHA
7S-hydroxy-DHA

LOX

17S-resolvin Ds

Epoxidation

17R-resolvin Ds

10, 17S-docosatriene
(Protection D1)

Fig. 11. The metabolic pathways for the conversion of EPA and

DHA to resolvins and protectins. LOX = Lipooxygenase; COX =
cyclooxygenase. Adapted from Lee and Hwang [2008].

Concerning the fatty acid distribution in lipid classes,
the following observations can be made. In all blood
specimens, the long-chain n–6 and n–3 PUFAs are minimally incorporated in TGs. Palmitic and LA are the most
abundant fatty acids in PL, whereas OA and LA prevail
in TGs and CE. DHA is contained almost exclusively in
PL, whereas EPA is present primarily in PL and CE. AA
is predominantly incorporated in PL.
Another observation of Risé et al. [2007] was that PL
in plasma and RBCs are quantitatively the major contributors in determining the fatty acid profile in blood
but EPA is not appreciably incorporated in PL. Therefore,
plasma and whole blood are the most representative pools
for the assessment of the fatty acid status in relation to
physiopathological conditions.
Skeaff et al. [2006] found that dietary-induced changes in the fatty acid composition of plasma PL and CE and
platelet and erythrocyte phosphatidylcholine as a function of time are qualitatively similar and largely complete
within 2 weeks. King et al. [2006] also found that in
switching from a high-fat diet to a low-fat diet, the fatty
acid changes were generally in the same direction for
RBC, PL and CE. These findings also suggest that fatty
acid analysis of whole blood is an adequate approach for
Fat and Fatty Acid Terminology,
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Eicosanoid and Docosanoid Formations
The C20 and C22 PUFAs in the membrane PLs, in
addition to their role in maintaining the structure of
cell membranes, have a functional role in serving as precursors of eicosanoids and docosanoids. Eicosanoids include PGs, TXs, leukotrienes (LTs), hydroxyeicosatetraenoic acids (HETEs) and hydroxyperoxyeicosatetraenoic
acids (HPETEs).
The first step in the biosynthesis of eicosanoids is the
release of a C20 PUFA from cell membrane PLs by phospholipase A2. The free acid is the substrate for the enzymes
that synthesizes various eicosanoids. As discussed previously, tissues typically contain a high proportion of AA
and low proportions of n–3 PUFAs, especially EPA. Thus,
AA is the dominant substrate for eicosanoid synthesis.
The metabolic map for the AA cascade is shown in figure
9 [Lee and Hwang, 2008]. Metabolism by COX (cyclooxygenase) enzymes gives rise to the 2-series PG and TX.
There are 2 isoforms of COX (COX-1 and COX-2). Both are
present in many normal human tissues and are up-regulated in various pathologic conditions [Zidar et al., 2008].
COX-1 is a constitutive enzyme and is mainly involved in
the basal production of eicosanoids in physiological conditions, whereas COX-2 is inducible and overexpressed, for
example, in inflammation. COX-2 is responsible for the
markedly increased production of PG. Metabolism of AA
by the 5-lipooxygenase (5-LOX) pathway gives rise to
5-HETE and 5-HPETE and the 4-series LTs.
EPA can be metabolized by both COX and 5-LOX
leading to the formation of 3-series PGs, thromboxane A3
(TXA3) and 5-series LTs (fig. 10) [Li et al., 2002a]. Thus,
EPA acts as a competitive inhibitor for production of
eicosanoids derived from AA. However, EPA is a poorer
substrate for COX than AA and, therefore, the production of 3-series of PG and TX is low. Increased consumption of preformed EPA and DHA from fish oils or from
other sources results in increased accumulation of these
fatty acids in cell PLs, partly at the expense of AA. Since
less substrate is available for the synthesis of eicosanoids
from AA, dietary EPA and DHA can suppress the production of PGs, TXs, LTs and 5-HETE derived from AA
in inflammatory cells.
In addition to the eicosanoids, in recent years a novel
group of mediators formed from EPA by aspirin modified
COX-2, termed E-series resolvins has been identified
(fig. 11) [Serhan et al., 2000]. DHA is a poor substrate for
Ann Nutr Metab 2009;55:8–43
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18R-hydroxy-EPA

Eicosanoid Physiological action
PGE2

pro-inflammatory, pro-aggregatory, suppresses immune response, promotes cell growth, proliferation,
vasodilation, broncoconstriction, mild anti-inflammatory (inhibits 5-LOX and so decreases inflammatory 4-series LTs, induces 15-LOX which promotes
formation of anti-inflammatory lipoxins)

PGI2

anti-inflammatory, inhibits platelet aggregation,
potent vasodilator

TXA2

potent platelet aggregation, potent vasoconstrictor

PGD2

inhibits platelet aggregation, vasodilation,
promotion of sleep

PGF2␣

induces smooth muscle contraction, uterine
contraction

LTB4

pro-inflammatory, causes neutrophil aggregation,
neutrophil and eosinophil chemotaxis

LTC4

pro-inflammatory, promote endothelial cell
permeability, contracts smooth muscle cells,
constricts peripheral airways

LTD4

contracts smooth muscle cells, constricts peripheral
airways

12-HETE

neutrophil chemotaxis, stimulates glucose-induced
insulin secretion

15-HETE

inhibits 5- and 12-LOX

Lipoxin A

superoxide anion generation, chemotaxis

Lipoxin B

inhibits NK cell activity

Table 9. Physiological actions of eicosanoids derived from EPA
and docosanoids derived from DHA

Eicosanoid/docasanoid

Physiological action

PGE3
PGI3
TXA3
EPA resolvin E1
DHA resolvin D
DHA protectin D1

mild anti-aggregatory, vasodilation
mild anti-aggregatory
mild pro-aggregatory
potent anti-inflammatory
potent anti-inflammatory
potent anti-inflammatory

COX and therefore, DHA is not known to produce bioactive mediators. However, DHA-derived bioactive docosanoids, termed D-series resolvins and protectins (neuroprotectins D1) by COX-2 and LOX have been identified
[Serhan et al., 2002; Bazan, 2007; Lee and Hwang, 2008].
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Physiological Actions
Dietary fats have a wide range of physiological actions
which are important in health and disease. Some are discussed below.
Physiological Actions of Eicosanoids
The eicosanoids derived from AA and EPA and the
docosanoids derived from DHA are involved in a variety
of physiological actions including modulating inflammation, platelet aggregation, immune response, cell growth
and proliferation, and contraction and dilation of smooth
muscle cells [Lee and Hwang, 2008] (tables 8, 9). Eicosanoids are produced when cells are stimulated and they
are rapidly metabolized and hence they are not accumulated in cells. Imbalance in the synthesis of eicosanoids in
tissues can lead to development of certain pathological
conditions. The eicosanoids derived from EPA are generally less potent compared with those derived from AA
(tables 8, 9). Prostaglandin E2 (PGE2) and TXA2 derived
from AA are produced in platelets and promote inflammation with potent chemoactivity, serve as vasoconstrictors and stimulate platelet aggregation. PGs and TXs from
EPA act as vasodilators and anti-aggregators. Prostaglandin I2 (PGI2) derived from AA is also an inhibitor of platelet aggregation.
In addition to anti-aggregatory actions, increase of
PGI2 formation suppresses the proliferation and migration of smooth muscle cells in response to injury. Other
products of the COX pathway of AA also exert various
physiological effects. PGE2 is involved in cell growth and
proliferation, contraction and dilation of smooth muscle
cells and inflammation. Pro-inflammatory effects include inducing fever, increasing vascular permeability
and enhancing pain and edema caused by other agents
such as bradykinin and histamine. Although PGE2 is
pro-inflammatory it has also some anti-inflammatory
effects. It inhibits the activity of 5-LOX and so suppresses the production of inflammatory 4-series LTs and induces 15-LOX activity, which promotes formation of lipoxins that have been found to be anti-inflammatory
[Calder, 2006]. PGD2 is the major eicosanoid produced in
mast cells during allergic response and asthma. PGF2␣
induces smooth muscle contraction.
LTs are generated in leukocytes by the action of 5-LOX
and they act on vascular parameters and have chemotactic properties. Leukotriene A4 (LTA4) derived from AA is
metabolized immediately after its formation to a series of
mediators (fig. 8). LTB4 increases the adhesion of leukocytes. LTC4, LTD4 and LTE4 promote endothelial cell
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Table 8. Biological actions of eicosanoids derived from AA
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likely reduce the inflammatory activity associated with
eicosanoids derived from AA and are therefore helpful in
suppression of inflammation.
However, a major issue concerning the AA cascade, as
well as the production of all the long-chain PUFA derived
mediators, is that limited information is available on
overall quantitative balance in the generation of the various compounds, considering also that different cells are
sequentially involved in these processes.
Other Physiological Effects
Although the key anti-inflammatory effects of EPA
and DHA are mediated via antagonizing AA metabolism,
these n–3 fatty acids have a number of other anti-inflammatory effects. The n–3 fatty acids affect cytokines and
other factors. Cytokines are a family of proteins produced
and released by cells involved in inflammatory process
and in the regulation of the immune system. Cell culture
studies have shown that n–3 fatty acids can decrease the
endothelial expression of a variety of cytokine-induced
leukocyte adhesion molecules and of secretable protein
products implicated in leukocyte recruitment and local
amplification of inflammation. DHA, but not EPA, is effective in reducing endothelial expression of E-selectin,
intercellular cell adhesion molecule 1 and vascular cell
adhesion molecule 1, and impairs the ability of ligand
bearing monocytes to adhere [De Caterina and Libby,
1996]. The magnitude of this effect parallels incorporation of DHA into cellular PLs.
Mean platelet volume is a marker of platelet activation.
Mean platelet volume is increased in patients at risk of
acute myocardial infarction [Endler et al., 2002]. Large
platelets show a higher degree of adhesion than small ones
[Schoene, 1997]. n–3 DPA and EPA [Li et al., 2002b], but
not DHA [Park and Harris, 2002], have been suggested to
decrease mean platelet volume in healthy subjects.
Another important biological role of n–3 and n–6
PUFA is the regulation of enzymes involved in lipid metabolism. PUFAs activate the expression of genes of fatty
acid transport and oxidation (acyl CoA synthetase, acyl
CoA oxidase, liver fatty acid binding protein, carnitine
palmityoyltransferase-1 and cytochrome P450A1) and
suppress the expression of genes of de novo synthesis of
lipids (stearoyl CoA desaturase, acetyl CoA carboxylase,
and fatty acid synthase) [Jump, 2002, 2008; Sampath and
Ntambi, 2005]. PUFA exert these effects on gene expression by regulating 3 major transcription factors controlling multiple pathways involved in lipid metabolism.
PUFAs activate peroxisome proliferators activated receptor (PPAR)␣ and suppress the nuclear abundance of carAnn Nutr Metab 2009;55:8–43
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permeability and airway smooth muscle constriction
during anaphylactic reactions. The LTs produced from
EPA are less potent than those derived from AA in chemotactic and aggregating activities for human neutrophiles.
The resolvins derived from EPA and DHA appear to
have potent anti-inflammatory activities through the inhibitory effects on the leukocytes activation and the inflammatory mediator synthesis [Serhan and Savill, 2005].
The DHA-derived neuroprotectin D1 is formed in retinal
pigment epithelial cells when they are confronted with
oxidative stress, in the brain during experimental stroke
and in the human brain from Alzheimer’s disease patients as well as in human brain cells in culture. Neuroprotectin D1 displays potent anti-inflammatory and neuroprotective bioactivity [Bazan, 2007].
The eicosanoids (PGs, TXs and LTs) derived from AA
have high biological activity and are mostly pro-inflammatory, whereas those from EPA and DHA have less biological activity and are weakly anti-inflammatory. The
eicosanoid biosynthesis can be modulated by dietary fatty acids. The immediate precursor of eicosanoids is the
fatty acid in the sn–2 position of cell PLs, which in turn
derives from fatty acid in the sn–2 position of dietary fat.
Therefore the amount and type of PUFA in the sn–2 position influence eicosanoid synthesis. Since LA and ALA
compete for desaturases and elongases for conversions to
their long-chain PUFA, the dietary levels of LA and ALA
also have an influence on eicosanoid synthesis. Higher
dietary levels of ALA can suppress AA production. The
dietary levels of preformed EPA and DHA also have an
influence on eicosanoid production and their influence
is more effective than ALA. Consumption of EPA and
DHA from fish or fish oil results in incorporation of these
n–3 PUFAs in inflammatory cells such as monocytes,
macrophages, neutrophils and lymphocytes at the expense of AA [Calder et al., 2002]. Thus, there is less substrate available for synthesis of eicosanoids from AA.
Since EPA competitively inhibits the metabolism of AA,
fish oil feeding results in a decreased capacity of cells to
synthesize eicosanoids from AA. In fact, fish oil supplementation studies have reported decreased production of
AA derived PGs, TXs, LTs and 5-HETE by inflammatory
cells and increased in EPA derived eicosanoids LTB4,
LTE5 and 5-HEPE [Calder, 2006]. n–3 PUFAs alter eicosanoid biosynthesis not only at the substrate level but also
at the level of gene expression. n–3 PUFAs have been
shown to reduce expression of COX-2, 5-LOX and 5-LOX
activating protein in chondrocytes [Curtis et al., 2000,
2002]. Thus, increased intakes of EPA from fish oil most

Conclusions and Recommendations

More research is recommended to test the application
of direct methylation methods, which eliminate the tedious steps of fat extraction and solvent removal, for
analysis of fatty acid profiles of biological samples as well
as for food samples.
GC analytical parameters for the analysis of various
types of fatty acids are now well established. But GC requires very long capillary columns (30, 60 or 100 m) and
very detailed analysis, which can run to 2 h. It is this
length that deters the analysts. More research is needed
to determine whether shorter columns (5–15 m) and fast
GC programs would provide sufficient fatty acid data in
a reasonable time frame.
Dietary fatty acids have a profound effect on de novo
synthesis of fatty acids. Inhibition of de novo synthesis by
high fat diets, by dietary PUFAs, particularly by LA, is
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well established. However, there is some uncertainty as to
whether dietary saturated fats are effective in suppressing
de novo fatty acid synthesis. It is also not known whether
SFAs of different chain lengths have different effects on
de novo synthesis. Further research is required to establish the influence of SFAs on de novo synthesis of fatty
acids.
Animal studies have suggested that the maximum incorporation of DHA into erythrocytes, plasma, liver and
brain tissues appears to be between LA:ALA ratios of 4:1
and 2:1. However, a human feeding study showed that the
absolute amount of ALA, more than the LA:ALA ratio,
influences the conversion of ALA to its derivatives. A reduction in dietary LA together with an increase in ALA
intake would be the most appropriate way to enhance
EPA and DHA synthesis. Further human studies are
needed to determine the dose-dependent effects of LA
and ALA on the formation of their long-chain PUFA.
Conversion rates of LA to AA in relation to the intakes
also need to be assessed.
Despite the knowledge of the many health benefits of
n–3 PUFAs, their consumption remains at a very low level in many parts of the world. On the other hand consumption of n–6 PUFA (primarily as LA) has markedly
increased, especially in the USA. Thus, an increase in the
consumption of n–3 PUFAs and a decrease in the consumption of n–6 PUFA are needed to balance the dietary
ratio between these 2 families of fatty acids.
An additional issue concerning PUFA metabolism,
that would need to be studied in detail considering that
the conversion of LA and ALA to their long-chain products takes place mainly in the liver, is the efficiency of the
conversion steps in relation to liver function and disease
conditions. This topic has not been adequately studied
but it appears from the limited data available that levels
of AA and EPA are reduced in cirrhotic patients.
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bohydrate regulatory element binding protein (ChREBP)/
Max-like factor X (MLX) and sterol regulatory element
binding protein (SREBP-1). PUFA activation of PPAR␣
enhances fatty acid oxidation, while PUFA suppression of
SREBP-1 and ChREBP/MLX results in inhibition of de
novo synthesis of fatty acids. As such PUFAs promote a
shift in metabolism toward fatty acid oxidation and away
from fatty acid synthesis and storage. The result of this
2-fold action of PUFAs is a negative fat balance, thereby
making PUFAs a good candidate for the dietary management of hyperlipidemia. The transcription factors display
a differential response to PUFAs. EPA, but not DHA is
potent activator of PPAR␣, DHA but not EPA controls
SREBP-1 nuclear abundance. Nuclear abundance of the
ChREBP/MLX, appears equally responsive to a wide
range of C18–C22 carbon n–3 and n–6 PUFAs [Jump,
2008]. More studies are required to evaluate the significance of these differences. Evaluation of these differences
may provide new insights into disorders of lipid metabolism associated with chronic metabolic diseases such as
diabetes and obesity.
In adipose tissue, n–3 and n–6 PUFA inhibit fatty acid
synthase. PUFAs also repress transcription of the leptin gene. Leptin is an adipose derived hormone that regulates appetite, body weight and adiposity. Increased plasma leptin levels have been correlated with increased adiposity, while weight loss results in decreased plasma
leptin levels. Substitution of PUFA for SFAs in the diet
causes a decrease in plasma leptin levels [Reseland et al.,
2001; Duplus et al., 2000].
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