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Lipids (fats and oils) are a wide range of organic molecules that serve several functions 
in organisms. Lipids are essential components of our diet, highlighting their important 

contribution in energy, representing 9 kcal/g (or 37.7 kJ/g), and by some components 
relevant to the metabolism, such as essential fatty acids, fat soluble vitamins and 
sterols (cholesterol and phytosterols). Besides this, lipids have key roles in human 
growth and development, along with promoting, preventing and/or participating 
in the origin or eventually in the treatment of various diseases. This book presents 

a systematic and comprehensive review about the structure and metabolism of 
lipids, particularly highlighting the importance of these molecules in the body and 

considering the interest of some lipids in health and disease.
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Preface 
 

Fats and oils are a large group of chemical structures different in shape, size and 
physicochemical characteristics, collectively identified as lipids. Ancestrally, lipids 
were fundamental components in the early human diet, providing an important and 
valuable amount of energy (9 kcal / g 37.7 kJ / g) and other components, such as 
essential fatty acids, fat soluble vitamins and sterols (such as cholesterol and/or 
phytosterols). The different structural characteristics of lipids give them multiple 
biochemical, physiological and nutritional functions, being transcendental to our body 
and allowing, among other functions, the development and growth of highly 
specialized tissues, such as the brain. 

Lipids have been important in the evolution of many species and especially for the 
human being. At present a significant number of studies have demonstrated the role of 
lipids in the development, prevention and / or treatment of various acute and chronic 
diseases. The present book, "Lipid Metabolism", discuss in its various chapters the 
importance of lipid metabolism in humans and other species. 

The first section of the book is dedicated to the structure and general metabolism of 
lipids, with emphasis on the structural and metabolic differences of each lipid. 
Regarding lipid metabolism, the main features from their absorption and digestion are 
also discussed, highlighting in particular the complexity of lipoprotein metabolism. 

At molecular level lipid metabolism is even more complex. Some chapters revise and 
discuss the close relationship between some lipids and i) the cell membrane structure 
ii) the regulation of intracellular signaling pathways, iii) the direct interaction with 
gene transcription factors iv) the regulation of gene expression, and v) the effect of 
lipid peroxidation in cellular metabolism. All these interactions involving lipid 
metabolic products show the relevance of these molecules in the maintenance of 
normal structural, organic and systemic cellular activity. 

Currently, a central element in the study of lipid metabolism is the participation of 
these molecules in the development and the prevention of certain diseases, especially 
those of chronic non communicable nature such as, obesity, insulin resistance, diabetes 
mellitus, atherosclerosis, cardiovascular disease and cancer. It is well known the 
association of some saturated fatty acids, such as palmitic acid (C16: 0) or of 
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cholesterol, with the increased risk of cardiovascular diseases, or the effect of the 
imbalance of omega-6 and omega-3 fatty acids in the course of inflammatory process 
and its posterior  resolution. 

An interesting aspect of lipid metabolism refers to its importance in plants where, such 
as in animals, lipids represent more than an energy reservoir, highlighting as 
regulatory elements in the metabolism and in the functional properties of many 
vegetables, and having a direct impact on the health and nutrition of the human and 
animal population. 

Collectively, the book intent to be a systematic and comprehensive review of lipid 
structure and metabolism. Special emphasis is made to the functional characteristics of 
some lipids, such as membrane phospholipids. Some chapters discuss the molecular 
aspects of lipid metabolism, its interaction with oxidative stress, and particularly the 
close relationship of some lipids with health and disease. 

 
Rodrigo Valenzuela Baez, Nutricionist. Msc. PhD. 
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Overview About Lipid Structure 

Rodrigo Valenzuela B. and Alfonso Valenzuela B. 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/52306 

1. Introduction 

The term lipid is used to classify a large number of substances having very different 
physical - chemical characteristics, being its solubility in organic non-polar solvents the 
common property for their classification. Lipids are composed of carbon, hydrogen and 
oxygen atoms, and in some cases contain phosphorus, nitrogen, sulfur and other elements. 
In this context, fats and oils are the main exponents of lipids present in foods and in 
nutritional processes [1,2], being diverse fatty acids and cholesterol the most representative 
molecules due their important metabolic and nutritional functions [3,4]. The structural, 
metabolic and nutritional importance of lipids in the body is supported by numerous 
investigations in different biological models (cellular, animals and humans). Lipids have 
been instrumental in the evolution of species, having important role in the growth, 
development and maintenance of tissues [5,6]. A clear example of this importance is the 
elevated fatty acid concentration present in nerve tissue, especially very long-chain 
polyunsaturated fatty acids [7,8]. 

Fatty acids are, among lipids, of crucial relevance in the structure and physiology of the 
body because: i) forms an integral part of phospholipids in cell membranes; ii) are the 
primary source of energy (9 kcal /g or 37.62 kjoules/g); iii) in infants, provide more than 50% 
of the daily energy requirements; iv) some fatty acids are of essential character and are 
required for the synthesis of eicosanoids and docosanoids (of 20 and 22 carbon atoms, 
respectively), such as leukotrienes, prostaglandins, thromboxanes, prostacyclins, protectins 
and resolvins), and; v) some of them may act as second messengers and regulators of gene 
expression [9,10]. Besides fatty acids, cholesterol is another lipid that has important 
functions in the body, among which are: i) together with phospholipids is important in the 
formation of cell membranes; ii) constitutes the skeleton for the synthesis of steroid 
hormones (androgens and estrogens); iii) from its structure is derived the structure of 
vitamin D, and; iv) participates in the synthesis of the bile salts and the composition of bile 
secretion [11].  

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Lipids play a key role in the growth and development of the organism, where the 
requirements of these molecules (mainly fatty acids) will change depending on the age and 
physiological state of individuals [12]. Furthermore, lipids have crucial participation both, in 
the prevention and/or in the development of many diseases, especially chronic non-
communicable diseases [13], affecting the lipid requirements in humans [14]. As food 
components, lipids are also important because: i) are significant in providing organoleptic 
characteristics (palatability, flavor, aroma and texture); ii) are vehicle for fat soluble 
vitamins, pigments or dyes and antioxidants, and; iii) may act as emulsifying agents and/or 
promote the stability of suspensions and emulsions [15].  

Fats and oils, the most common lipids in food, are triacylglyceride mixtures, i.e. structures 
formed by the linking of three different or similar fatty acids to the tri-alcohol glycerol [16]. 
A fat is defined as a mixture of triacylglycerides which is solid or pasty at room temperature 
(usually 20 °C). Conversely, the term oil corresponds to a mixture of triglycerides which is 
liquid at room temperature. In addition to triacylglycerides, which are the main components 
of fats and oils (over 90%), these substances frequently contain, to a lesser extent, 
diacylglycerides, monoacylglycerides, phospholipids, sterols, terpenes, fatty alcohols, 
carotenoids, fat soluble vitamins, and many other minor chemical structures [17,18]. This 
chapter deals with the general aspects of lipids, especially those related to the chemical 
structure and function of these molecules. 

2. Fatty acids 

Fatty acids are hydrocarbon structures (containing carbon and hydrogen atoms) formed by 
four or more carbons attached to an acidic functional group called carboxyl group. The 
chemical and physical properties of the different fatty acids, such as their solubility in non-
polar solvents and the melting point, will depend on the number of carbon atoms of the 
molecule. [19]. The higher the number of carbon atoms of the chain the higher will be 
melting point of the fatty acid. According to the chain length fatty acids are referred as 
short-chain fatty acids, those having four (C4) to ten (C10) carbons; as medium-chain fatty 
acids those having twelve (C12) to fourteen (C14) carbons; long-chain fatty acids to those of 
sixteen (C16) to eighteen carbons (C18); and very long-chain fatty acids those having twenty 
(C20) or more carbon atoms. Molecules having less than four carbon atoms (C2; acetic acid 
and C3; propionic acid) are not considered fatty acids due their high water solubility. On the 
other side, fatty acids of high number of carbon atoms are not frequent, however are present 
in significant amount in the brain of vertebrates, including mammals and human. In the 
human brain have been identified fatty acids as long as 36 carbon atoms [20]. 

The link between carbons in fatty acids, correspond to a covalent bond which may be single 
(saturated bond) or double (unsaturated bond). The number of unsaturated bonds in the 
same molecules can range from one to six double bonds. Thus, the more simple 
classification of the fatty acids, divided them in those that have not double bonds, named 
saturated fatty acids (SAFA), and fatty acids that have one or more double bonds, 
collectively named unsaturated fatty acids. In turn, when the molecule has one unsaturation 
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it is classified as monounsaturated fatty acid (MUFA) and when has two to six unsaturations 
are classified as polyunsaturated fatty acids (PUFAs) [21]. The presence of unsaturation or 
double bonds in fatty acids is represented by denoting the number of carbons of the 
molecule followed by an indication of the number of double bonds, thus: C18:1 corresponds 
to a fatty acid of 18 carbons and one unsaturation, it will be a MUFA. C20: 4 correspond to a 
molecule having 20 carbons and four double bonds, being a PUFA. Now, it is necessary to 
identify the location of the unsaturations in the hydrocarbon chain both in MUFAs and 
PUFAs [22].  

3. Nomenclature of fatty acids 

According to the official chemical nomenclature established by IUPAC (International 
Union of Practical and Applied Chemistry) carbons of fatty acids should be numbered 
sequentially from the carboxylic carbon (C1) to the most extreme methylene carbon (Cn), 
and the position of a double bond should be indicated by the symbol delta (Δ), together to 
the number of the carbon where double bonds begins. According to this nomenclature: 
C18: 1, Δ9, indicates that the double bond is between carbon 9 and 10 [23]. However, in the 
cell the metabolic utilization of fatty acids occurs by the successive scission of two carbon 
atoms from the C1 to the Cn (mitochondrial or peroxisomal beta oxidation). This means 
that as the fatty acid is being metabolized (oxidized in beta position), the number of each 
carbon atom will change, creating a problem for the identification of the metabolic 
products formed as the oxidation progress. For this reason R. Holman, in 1958, proposed a 
new type of notation that is now widely used for the biochemical and nutritional 
identification of fatty acids [24]. This nomenclature lists the carbon enumeration from the 
other extreme of the fatty acid molecule. According to this notation, the C1 is the carbon 
farthest from the carboxyl group (called as terminal or end methylene carbon) which is 
designed as "n", "ω" or "omega". The latter notation is the most often used in nutrition and 
refers to the last letter of the Greek alphabet [25]. Thus, C18: 1 Δ9 coincidentally is C18: 1 ω-
9 in the “ω” notation, but C18: 2 Δ9, Δ12, according to this nomenclature ω would be C18: 2 
ω-6. What happens with fatty acids having more than a double bond? Double bonds are 
not randomly arranged in the fatty acid structure. Nature has been "ordained" as largely 
incorporate them in well-defined positions. Most frequently double bonds in PUFAs are 
separated by a methyl group (or most correctly methylene group) forming a -C=C-C-C=C- 
structure which is known as "unconjugated structure", which is the layout of double bonds 
in most naturally occurring PUFAs [26]. However, although much less frequently, there are 
also present "conjugated structures" where double bonds are not separated by a methylene 
group, forming a -C=C-C=C- structure. This particular structural disposition of double 
bonds, i.e conjugated structures, is now gaining much interest because some fatty acids 
having these structures show special nutritional properties, they are called "conjugated 
fatty acids". Most of them are derived from the unconjugated structure of linoleic acid 
(C18:2 ω-6) [27,28].  

For the application of the ”ω” nomenclature and considering the "order" of double bonds 
in unsaturated fatty acids having unconjugated stucture, it can be observed that by 
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pointing the location of the first double bond, it will automatically determined the 
location of the subsequent double bonds [29]. Thus, C18: 1 ω-9, which has a single 
double bond at C9 counted from the methyl end, correspond to oleic acid (OA), which is 
the main exponent of the ω-9 family. Oleic acid is highly abundant both in vegetable and 
animal tissues. C18: 2 ω-6 corresponds to a fatty acid having double bonds at the C6 and 
C9 (for unconjugated fatty acids it is not necessary to indicate the position of the second 
or successive double bonds). This is linoleic acid (LA), the main exponent of the ω-6 
family and which is very abundant in vegetable oils and to a lesser extent in animal fats 
[30]. C18: 3, ω-3 corresponds to a fatty acid having double bonds at C3, C6 and C9. It is 
alpha-linolenic acid (ALA), the leading exponent of the ω-3 family. ALA is a less 
abundant fatty acid, almost exclusively present in the vegetable kingdom and 
specifically in land-based plants [31]. Within (LCPUFAs), C20: 4, ω-6 or arachidonic acid 
(AA); C20: 5, ω-3 or eicosapentaenoic acid (EPA) and; C22 : 6, ω-3 or docosahexaenoic 
acid (DHA), are of great nutritional importance and are only found in ground animal 
tissues (AA) and in aquatic animal tissues (AA, EPA and DHA) and in plants of marine 
origin (EPA and DHA) [32]. 

The increase of double bonds in fatty acids significantly reduces its melting point. Thus, 
for a structure of the same number of carbon atoms, if it is saturated may give rise to a 
solid or semisolid product at room temperature, but if the same structure is unsaturated, 
may originate a liquid or less solid product at room temperature. Figure 1 shows the 
classification of fatty acids according to their degree of saturation and unsaturation and 
considering the notation "ω", and table 1 shows different fatty acids, showing the C 
nomenclature, their systematic name, their common name and the respective melting 
point. 

 
Figure 1. Classification of fatty acids according to their degree of saturation and unsaturation and 
considering the notation " ω". 
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Nomenclature Systematic name Common name Melting point °C 
Saturated Fatty Acid 

C 4:0 Butanoic Butiric -5.3 
C 6:0 Hexaenoic Caproic -3.2 
C 8:0 Octanoic Caprilic 16.5 
C10:0 Decanoic Capric 31.6 
C12:0 Dodecanoic Lauric 44.8 
C14:0 Tetradecanoic Miristic 54.4 
C16:0 Hexadecanoic Palmitic 62.9 
C18:0 Octadecanoic Estearic 70.1 
C20:0 Eicosanoic Arachidic 76.1 
C22:0 Docosanoic Behenic 80.0 
C24:0 Tetracosanoic Lignocenic 84.2 

Unsaturated Fatty Acid 
C16:1 9-Hexadececoic Palmitoleic 0.0 
C18:1 9-Octadecenoic Oleic 16.3 
C18:1 11-Octodecenoic Vaccenic 39.5 
C18:2 9,12-Octadecadienoic Linoleic -5.0 
C18:3 9,12,15-Octadecatrienoic Linolenic -1.0 
C20:4 5,8,11,14-Eicosatetraenoic Arachidonic 49.5 

Table 1. Different fatty acids, showing the C nomenclature, their systematic name, their common name 
and the respective melting point. 

4. Mono-, di- and triacylglycerides 

The structural organization of fatty acids in food and in the body is mainly determined by 
the binding to glycerol by ester linkages. The reaction of a hydroxyl group of glycerol, at any 
of its three groups, with a fatty acid gives rise to a monoacylglyceride. The linking of a 
second fatty acid, which may be similar or different from the existing fatty acid, gives rise to 
a diacylglyceride. If all three hydroxyl groups of glycerol are linked by fatty acids, then this 
will be a triacylglyceride [33]. Monoacylglycerides, by having free hydroxyl groups (two) 
are relatively polar and therefore partially soluble in water. Different monoacylglycerides 
linked to fatty acids of different lengths are used as emulsifiers in the food and 
pharmaceutical industry [34]. The less polar diacylglycerides which have only one free 
hydroxyl group are less polar than monoacylglycerides and less soluble in water. Finally, 
triacylglycerides, which lack of free hydroxyl groups are completely non-polar, but highly 
soluble in non-polar solvents, which are frequently used for their extraction from vegetable 
or animal tissues, because constitutes the energy reserve in these tissues [35]. 
Diacylglycerides and monoacylglycerides are important intermediates in the digestive and 
absorption process of fats and oils in animals. In turn, some of these molecules also perform 
other metabolic functions, such as diacylglycerides which may act as "second messengers" at 
the intracellular level and are also part of the composition of a new generation of oils 
nutritionally designed as "low calorie oils" [36]. When glycerol forms mono-, di-, or 
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triacylglycerides, its carbon atoms are not chemically and structurally equivalent. Thus, 
carbon 1 of the glycerol is referred as carbon (α), or sn-1 (from “stereochemical number”); 
carbon 2 is referred as carbon (β), or sn-2, and carbon 3 as (γ), or sn-3. It is important to note 
that the notation “sn” is currently the most frequently used [37]. This spatial structure (or 
conformation) of mono-, di- and triacyglycerides is relevant in the digestive process of fats 
and oils (ref). Figure 2 shows the structure of a monoacylglceride, a diacylglyceride and a 
triacylglyceride, specifying the "sn-" notation. 

 
Figure 2. Structure of a monoacylglyceride, a diacylglyceride and a triacylglyceride, specifying the "sn-" 
notation 

5. Essential fatty acids 

The capability of an organism to metabolically introduce double bonds in certain positions 
of a fatty acid or the inability to do this, determines the existence of the so-called non-
essential or essential fatty acids (EFAs). According to this capability, mammals, including 
primates and humans, can introduce a double bond only at the C9 position of a saturated 
fatty acid (according to "ω" nomenclature) and to other carbons nearest to the carboxyl 
group, but not at carbons nearest the C1 position [38]. This is the reason why OA is not an 
EFA. In contrast, mammals can not introduce double bonds at C6 and C3 positions, being 
the reason why AL and ALA are EFAs. By derivation, the AA is formed by the elongation 
and desaturation of LA, and EPA and DHA, which are formed by elongation and 
desaturation of ALA, become also essential for mammals when their respective precursors 
(LA and ALA, respectively) are nutritionally deficient [39]. Figure 3 shows the chemical 

 
Overview About Lipid Structure 9 

structure of a SAFA, such as the stearic acid (C18:0), AO, LA and ALA, exemplifying the "ω" 
notation of each and indicating the essential condition in relation to the position of their 
unsaturated bonds. 

 
Figure 3. The chemical structure of a SAFA, such as the stearic acid (C18:0), AO, LA and ALA, 
exemplifying the "ω" notation of each and indicating the essential condition in relation to the position of 
their unsaturated bonds 

6. Isomerism of fatty acids 

According to the distribution of double bonds in a fatty acid and to its spatial structure, 
unsaturated fatty acids may have two types of isomerism: geometrical isomerism and 
positional isomerism. By isomerism it is referred to the existence two or more molecules 
having the same structural elements (atoms), the same chemical formula and combined in 
equal proportions, but having a different position or spatial distribution of some atoms in 
the molecule [40]. 

6.1. Geometrical isomers of fatty acids 

Carbon atoms forming the structure of the fatty acids possess a three-dimensional spatial 
structure which forms a perfect tetrahedron. However, when two carbons having 
tetrahedral structure are joined together through a double bond, the spatial conformation of 
the double bond is modified adopting a flat or plane structure [41]. Rotation around single 
bonds (C-C) is entirely free, but when they are forming a double bond (C=C), this rotation is 
impeded and the hydrogen atoms that are linked to each carbon involved in the bond may 
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be at the same side or opposed in the plane forming the double bond. If hydrogen atoms 
remain at the same side, the structure formed is referred as cis isomer (denoted as “c”). 
When hydrogen atoms remain at opposite sides the structure formed is referred as trans 
isomer (denoted as “t”, trans: means crossed) [42]. Figure 4 shows the cis – trans geometric 
isomerism of fatty acids. The cis or trans isomerism of fatty acids confers them very different 
physical properties, being the melting point one of the most relevant [43]. Table 2 shows the 
melting point of various cis – trans geometric isomers of different fatty acids. It can be 
observed substantial differences in the melting point of cis- or trans isomers for the same 
fatty acid. Melting point differences bring to the geometrical isomers of a fatty acid very 
different biochemical and nutritional behavior. Fatty acids having trans isomerism, 
especially those of technological origin (such as generated during the partial hydrogenation 
of oils), have adverse effect on humans, particularly referred to the risk of cardiovascular 
diseases [44]. It is noteworthy that the majority of naturally occurring fatty acids have cis 
isomerism, although thermodynamically is more stable the trans than the cis isomerism, 
whereby under certain technological manipulations, such as the application of high 
temperature (frying process) or during the hydrogenation process applied for the 
manufacture of shortenings, cis isomers are easily transformed into trans isomers [45]. 

 
Figure 4. Geometric isomerism of fatty acids 

6.2. Positional isomers of fatty acids  

Positional isomerism refers to the different positions that can occupy one or more double 
bonds in the structure of a fatty acid. For example, oleic acid (C18:1 Δ9c), is a common fatty 
acid in vegetable oils, particularly in olive oil, but vaccenic acid (C18:1 Δ11t) is more 
common in animal fats. This is a double example, since both fatty acids are geometric 

 
Overview About Lipid Structure 11 

isomers (oleic acid cis and vaccenic acid trans) and at the same time positional isomers, since 
oleic acid has a double bond at the Δ9 position and vaccenic acid at the Δ11 position [46]. 

Fatty acid Isomerism Melting point (°C)
C12:0 ------ 44.2 
C16:0 ------ 62.7 
C18:0 ------ 69.6 
C18:1 Cis 13.2 
C18:1 Trans 44.0 
C18:2 cis, cis -5.0 
C18:2 trans, trans 18.5 
C18:3 cis, cis, cis 11.0 
C20:3 trans, trans, trans 29.5 

Table 2. Changes in the melting point of various cis – trans   geometrical isomers of different fatty acids 

In general, all fatty acids naturally present positional isomerism of their more frequent 
molecular structure. However, these isomers occur in very low concentrations. Unlike the 
known biochemical and nutritional effects of trans geometric isomers, there is little 
information about the biological effects of positional isomers and for the majority of them 
these effects are considered as not relevant, except for some conjugated structures, such as 
conjugated linoleic acid (C18:2, Δ9, Δ11, CLA), a geometric and positional isomer of the 
most common linoleic acid, for which it has been attributed various health properties, 
especially those related to anti-inflammatory and lipolytic actions, but up to date the 
scientific evidence for these properties are considered insufficient [47]. Such as geometrical 
isomerism, the technological manipulation of fatty acids (i.e. temperature and/or 
hydrogenation) increases the number and complexity of the positional isomers [48]. Figure 5 
summarizes the positional and geometric isomers of unsaturated fatty acids. 

7. Phospholipids  

Phospholipids are minor components in our diet because less than 4-5% of our fat intake 
corresponds to phospholipids. However, this does not detract nutritionally important to 
these lipids, since they are important constituents of the cellular structure having also 
relevant metabolic functions [49]. Life, in its origin, would not have been possible without 
the appearance of phospholipids, as these structures are the fundamental components of all 
cellular membranes. Phospholipids have structural and functional properties that 
distinguish them from their counterparts, triacylglycerides. In phospholipids positions sn-1 
and sn-2 of the glycerol moiety are occupied by fatty acids, more frequently 
polyunsaturated fatty acids, linked to glycerol by ester bonds. The sn-3 position of glycerol 
is linked to orthophosphoric acid [50]. The structure which is formed, independent of the 
type of fatty acid that binds at sn-1 and sn-2, is called phosphatidic acid. The presence of 
phosphate substituent at the sn-3 position of the glycerol gives a great polarity to this part of 
the molecule, being non-polar the rest of the structure, such as in triacylglycerides. This 
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double feature, a polar extreme and a non-polar domain due the presence of the two fatty 
acids characterizes phospholipids as amphipathic molecules (amphi: both; pathos: sensation) 
[51]. 

 
Figure 5. Positional and geometric isomers of unsaturated fatty acids 

The structure of phospholipids is usually simplified representing the polar end as a sphere 
and the fatty acids as two parallel rods. Figure 6 shows the chemical structure of 
phosphatidic acid in its simplified representation. The amphipathic character of 
phosphatidic acid can be increased by joining to the phosphate different basic and polar 
molecules that increases the polarity to the extreme of the sn-3 position. When the 
substituent of the phosphate group is the aminoacid serine it is formed phosphatidylserine; 
when it is etanolamine it is formed phosphatidylethanolamine (frequently known as 
cephalin); when choline is the substituent it is formed phosphatidylcholine (well known as 
lecithin); and when the substituent is the polyalcohol inositol it is formed 
phosphatidylinositol, a very important molecule involved in cell signaling. [52].  
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Figure 6. Chemical structure of phosphatidic acid and its simplified representation 

These more complex phospholipids are much more common than phosphatidic acid, since 
this is only the structural precursor of the above molecules. Figure 7 shows the structure of 
various phospholipids. A number of other molecules are also classified as phospholipids, 
but are structurally different. Cardiolipin is a "double" phospholipid in which two 
phosphatidic acid molecules are attached through their phosphates by a molecule of 
glycerol. Cardiolipin is a very important in the structure of the inner membrane of 
mitochondria and due their molecular volume it is the only immunogenic phospholipid 
(which stimulates the formation of antibodies) [53]. Plasmalogens are other lipid molecules 
related to phospholipids. In these molecules the substituent at sn-1 position of the glycerol is 
not a fatty acid, but a fatty alcohol which is linked to glycerol by an ether linkage. 
Phosphatidalethanolamine (different than phosphatidylethanolamine) is an abundant 
plasmalogen in the nervous tissue [54]. Phosphatidalcholine, the plasmalogen related to 
phosphatidylcholine, is abundant in the heart muscle. Another structures related to 
phospholipids are sphingolipids. In these structures glycerol is replaced by the amino 
alcohol; sphingosine. When the hydroxyl group (alcoholic group) of sphingosine is 
substituted by phosphocholine, it is formed sphingomyelin, which is the only sphingolipid 
that is present in significant amount in human tissues as a constituent of myelin that forms 
nerve fibers [ref]. Platelet activating factor (PAF) is an unusual glycerophospholipid 
structure. In this molecule position sn-1 of glycerol is linked to a saturated alcohol through 
an ether bond (such as in plasmalogens) and at the sn-2 binds an acetyl group instead of a 
fatty acid. PAF is released by a variety of cells and by binding to membrane receptors 
produces aggregation and degranulation of platelets, has potent thrombotic and 
inflammatory effects, and is a mediator of anaphylactic reactions [55]. 
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Figure 5. Positional and geometric isomers of unsaturated fatty acids 
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lecithin); and when the substituent is the polyalcohol inositol it is formed 
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A fundamental aspect of phospholipids is their participation in the structure of 
biological membranes, and the structural characteristics of the fatty acids are relevant to 
determine the behavior and the biological properties of the membrane. As an example, a 
diet rich in saturated fatty acids result in an increase in the levels of these fatty acids into 
cell membrane phospholipids, causing a significant decrease in both, membrane fluidity 
and in the ability of these structure to incorporate ion channels, receptors, enzymes, 
structural proteins, etc., effect which is associated to an increased cardiovascular risk 
[56]. By contrast, a diet rich in monounsaturated and/or polyunsaturated fatty acids 
produce an inverse effect. At the nutritional and metabolic level this effect is highly 
relevant because as the fatty acid composition of the diet is directly reflected into the 
fatty acid composition of phospholipids, changes in the composition of the diet, i.e. 
increasing the content of polyunsaturated fatty acids, will prevent the development of 
several diseases [57]. Figure 8 shows a simulation how the structural differences of the 
fatty acids which comprise phospholipids may affect the physical and chemical behavior 
of a membrane. 

8. Sterols 

Sterols are derived from a common structural precursor, the sterane or 
cyclopentanoperhydrophenanthrene, consisting in a main structure formed by four 
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aromatic rings identified as A, B, C and D rings. All sterols have at carbon 3 of A ring a 
polar hydroxyl group being the rest of the structure non-polar, which gives them certain 
amphipathic character, such as phospholipids. Sterols have also a double bound at 
carbons 5 and 6 of ring B [58]. This double bond can be saturated (reduced) which leads 
to the formation of stanols, which together with plant sterols derivatives are currently 
used as hypocholesterolemic agents when incorporated into some functional foods. At 
carbon 17 (ring D) both sterols as stanols have attached an aliphatic group, consisting in 
a linear structure of 8, 9 or 10 carbon atoms, depending on whether the sterol is from 
animal origin (8 carbon atoms) or from vegetable origin (9 or 10 carbon atoms) [59]. 
Figure 9 shows the structure of cyclopentanoperhydrophenanthrene and cholesterol. 
Often sterols, and less frequent stanols, have esterified the hydroxyl group of carbon 3 
(ring A) with a saturated fatty acid (usually palmitic; C16:0) or unsaturated fatty acid 
(most frequent oleic; C18:1 and less frequent linoleic acid; C18:2. The esterification of the 
hydroxyl group eliminates the anphipaticity of the molecule and converts it into a 
structure completely non-polar. Undoubtedly among sterols cholesterol is the most 
important because it is the precursor of important animal metabolic molecules, such as 
steroid hormones, bile salts, vitamin D, and oxysterols, which are oxidized derivatives of 
cholesterol formed by the thermal manipulation of cholesterol and that have been 
identified as regulators of the metabolism and homeostasis of cholesterol and sterols in 
general [60]. 

 
Figure 8. Simulation how the structural differences of the fatty acids which comprise phospholipids 
may affect the physical and chemical behavior of a membrane 
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Figure 9. Structure of cyclopentanoperhydrophenanthrene and cholesterol  

9. Conclusions 
Lipids are a large and wide group of molecules that are present in all living organism and 
also in foods and characterized by particular physicochemical properties, such as their non 
polarity and their solubility in organic solvents. Some lipids, in particular fatty acids and 
sterols, are essential for animal and plant life. Lipids are key elements in the structure, 
biochemistry, physiology, and nutritional status of an individual, because are involved in: i) 
the cellular structure; ii) the cellular energy reserve, iii) the formation of regulatory 
metabolites, and; iv) in the regulation and gene expression, which directly affects the 
functioning of the body. Another important aspect related to lipids is their important 
involvement, either in the treatment and/or the origin of many diseases which can affect 
humans. Structural and functional characteristics of lipids, discussed in this chapter, will 
allow you to integrate those metabolic aspects of these important and essential molecules in 
close relationship of how foods containing these molecules can have a relevant influence in 
the health or illness of an individual. 
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1. Introduction 

Free radicals are chemical compounds with unpaired electron(s), therefore being 
considered very active molecules. The cells had developed their own antioxidant defence 
systems in order to prevent the free radicals synthesis and to limit their toxic effects. 
These systems consist of enzymes which breakdown the peroxides, enzymes which bind 
transitional metals or compounds which are considered scavengers of the free radicals. 
Reactive species oxidize the biomolecules that will further elicit tissue injury and cell 
death. Evaluation of free radicals involvement in pathology is rather difficult due to their 
short life time. 

2. Biochemistry of reactive oxygen species (ROS)  

Free radicals can be formed by three mechanisms:  

 Homolytic cleavage of a covalent bond of a molecule, each fragment retaining one 
electron  

. .X: Y X + Y   

 Loss by a molecule of a single electron 

. -A   A + e   

 Addition by a molecule of a single electron 

- -.A e  A   
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 Heterolytic cleavage – covalent bond electrons are held up by only one of the 
molecule’s fragments. Basically, charged ions occur. 

-X Y  X: + Y   

Oxygen activation is the main factor that induces enhanced formation of ROS. Due to its 
presence in the atmosphere, but also in the body, free radicals reaction with oxygen is 
inevitable. A second characteristic of oxygen refers to its electronic structure. Thus, O2 has 
on the outer layer two unpaired electrons, each located on one orbital. Therefore, oxygen 
can be considered a free di-radical, but with a lower reactivity. Oxidation of this electron 
donor is achieved by spin inversion from the O2 reaction with transition metals or by 
univalent reduction in two phases of one electron [5]. These two mechanisms underlie 
oxidation reactions that occur in nature. Although this process represents only 5%, 
following the univalent reduction of O2, ROS occurs, with greater reactivity and toxicity, as 
is the hydroxyl radical OH.  

In biological systems, the most important free radicals are oxygen derivate radicals formed 
by the following mechanisms:  

O2 reduction by the transfer of an electron will result in the synthesis of the superoxide anion 
(O2.-). The formation of the superoxide anion is the first step of O2 activation and occurs in 
the body during normal metabolic processes. In some cells, its production is continuous, 
which implies the existence of intracellular antioxidants [3].  

-
2 2-O + e  O   

Tissue alteration by traumatic, chemical or infectious means causes cell lysis along with the 
release of iron from deposits or by the action of hydrolases on metalloproteinase. 

Reduced transition metal autooxidation generates the superoxide anion. The reaction of 
transition metal ions with O2 can be considered a reversible redox reaction, important in 
promoting ROS formation. 

2 3
2 2-Fe + O    Fe + O   

2
2 2-Cu + O    Cu + O   

Degradation of H2O2 in the presence of transition metal ions leads to the formation of the 
most reactive and toxic ROS: the hydroxyl radical (OH.) (Fenton and Haber-Weiss reaction). 
To this radical, the body does not present antioxidant defense systems such as for the 
superoxide anion or hydrogen peroxide (H2O2). Although metallothioneins (natural 
antioxidants) are proteins that bind to metal ions, including Fe2+, thus inhibiting the Haber-
Weiss reaction, however they are found in too low concentrations in the body to be effective 
in the decomposition of the hydroxyl radical. But these reactions can be inhibited by specific 
scavengers for OH, such as mannitol and chelating agents: desferroxamine. However, 
chelators as EDTA stimulate this reaction.  

 
Oxidative Stress and Lipid Peroxidation – A Lipid Metabolism Dysfunction 25 

The reduction of O2 by two electrons leads to the formation of hydrogen peroxide, H2O2. 

-
2 2 2O + 2e + 2H  H O   

H2O2 is often formed in biological systems via peroxide anion production. 

2- 2 2 22O + 2H   H O + O  

H2O2 is not a free radical, but falls within the category of reactive oxygen species that 
include not only free radicals but also its non-radical derivatives involved in producing 
these ROS. Of all free radicals, H2O2 is the most stable and the easiest to quantify. 
Intracellular formation of hydrogen peroxide, depending on the content of catalase, is the 
way by which the bactericidal mechanism is achieved in phagocytosis.    

The formation of singlet oxygen (1O2). It represents an excited form of molecular oxygen, 
resulting from the absorption of an energy quantum. It is equated to a ROS due to its strong 
reactivity. Singlet oxygen has an electrophilic character, reacting with many organic 
compounds: polyunsaturated fatty acids, cholesterol, hydroperoxides or organic 
compounds containing S or N atoms, producing oxides. In plasma it is neutralized by the 
presence of antioxidants, especially albumin.  

Singlet oxygen is formed in the following reactions: 

 Reaction of hydrogen peroxide or hydroxyl radical with the superoxide anion 
 Different enzymatic catalyzed reactions  
 Decomposition of endoperoxides  
 Degradation of hydroperoxides in liver microsomes  

2.1. Free radicals resulting in lipid peroxidation propagation phase 

Lipid peroxidation is a complex process consisting of three major phases: initiation, 
propagation and end of the reaction. The initiation phase is slow due to the need of 
accumulation of a sufficient quantity of ROS, followed by the activation process of oxygen 
which is the amplifier factor. The process’ latency period is that which determines the 
continuation of reactions by altering the oxidative balance in favor of pro-oxidant factors. 
The evolution of these reactions is unpredictable due to the formation of own catalysts 
determining the complexity of the process [1]. 

Free radicals are very unstable, their lifetime being very short. Their reactivity results from 
their coupling at the end of the reaction, only for an unpaired electron to reappear, thus 
stimulate the propagation of the reaction by forming a new radical. 

The end of the reaction occurs by: 

 Free radical recombination among them or, 
 Intervention of antioxidant systems with membrane or intracellular action: superoxide 

dismutase (SOD), catalase. 
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Peroxides and their decomposition products (aldehydes, lipofuscin) are the most stable and 
represent the final link of O2 activation. They are produced directly by the hydroxyl or 
singlet oxygen radical. During these reactions, own catalysts are formed, represented by free 
radicals or degradation products that diversify and increase the oxidation reactions; the 
structures involved are diverse, and are represented by polyunsaturated fatty acids, 
hemoproteins, nucleic acids, carbohydrates or steroids [4].  

3. The production of reactive oxygen species  

3.1. Endogenous production 

The electron transfer in the respiratory chain involves an incomplete reduction of molecular O2 
at a rate of 1-2% with the formation of superoxide anion and of singlet oxygen.  

If the anion is released in a low in protons environment, it will initiate peroxidation, the 
substrate being formed by polyunsaturated fatty acids from cell membranes.  

If the anion will reach a proton rich environment, dismutation will take place; this following 
auditioning an electron from another anion and by proton reaction will form hydrogen 
peroxide. Dismutation can occur spontaneously, but in this case it takes place very slowly or 
catalyzed by SOD, which increases 1010 the reaction rate to the body’s pH. There is an 
inversely proportional relationship between reaction rate and pH value. The efficiency of 
this enzyme is proven by its presence in all aerobic cells, and cells exposed to oxygen action, 
as hepatocytes and erythrocytes, contain large amounts of SOD [6].   

- --
2- 2 2 2O + e   O + 2H  H O    

Superoxide anion production during mitochondrial respiration has a self-regulation 
mechanism. Superoxide anion formed in part by autoxidation of NADH dehydrogenase, 
can then induce this enzyme’s inactivation, so the presence of SOD in the membrane matrix 
to achieve dismutation is absolutely necessary. It results that the two enzymes SOD and 
NADPH dehydrogenase are a metabolic control and energy preservation couple in the 
presence of oxygen [7].  

The release of hydrogen peroxide is proportional to the partial pressure of O2. In case of a 
cerebral or cardiac ischemia, extramitochondrial concentration decreases, disrupting 
oxidative phosphorylation and ATP levels.  An inversely proportional relationship between 
mitochondrial H2O2 formation rate and lifetime exists. Thus, it was observed experimentally 
that old animals present an increase in lipid peroxide formation in the mitochondria as a 
result of increased production of superoxide anion compared with young animals.  

Antimicrobial defense. Phagocytosis of bacterial germs is accompanied by a massive 
production of superoxide anions and other derivatives (OH-, HOCl, H2O2, 1O2) from the 
leukocyte metabolism. A NADPH-dependent oxidase, activated by protein kinase C and 
arachidonic acid released under the action of phospholipase A allow anion synthesis with 
an increased consumption of O2. 
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The sequence of reactions initiated in the membrane continues into the cytoplasm where a 
substantial amount of superoxide anion is formed which then is diffuses also extracellularly. 
Increased use of glucose occurs for energetic purposes and for restoring NADPH and 
oxygen consumption necessary for the production of ROS [8].  

Hydrogen peroxide is toxic on the neutrophil, which is inhibited by the presence at this level 
of the three enzymes that degrade the excess of peroxide: GSH-peroxidase, catalase and 
myeloperoxidase.  

The enzyme present in phagosome, myeloperoxidase, will catalyze in the presence of H2O2 
and chloride ions, forming toxic halogenated derivatives. 

- -
2 2 2H O + Cl ClO + H O   

In turn, hypochlorous acid can react with aminic groups or with the ammonium ion (NH4) 
forming chloramines. In the presence of hydrogen peroxide, HOCl forms singlet oxygen. 
These products of activated leukocytes have bactericidal properties.  

Based on the properties of leukocytes to emit chemiluminescence during phagocytosis, this 
method has a clinic utility. Chemiluminescence emission is due to formation of free radicals, 
lipid peroxides and prostaglandin synthesis, a process associated with phagocytosis. This 
property is suppressed by anesthesia, cytostatic agents and anti-inflammatory preparations. 
Drugs with anti-inflammatory effect inhibit the activity of cyclooxygenase, the enzyme 
involved in prostaglandin synthesis.  

A deficiency in the leukocyte production of free radicals (septic granulomatosis) or decrease 
of myeloperoxidase activity (following corticotherapy) is characterized by particularly 
sensitivity to infections.  

During phagocytosis, three cytotoxic and antimicrobial effect mechanisms take place: 

 oxygen dependent mechanism involves activation of myeloperoxidase and other 
peroxidases  

 Nitrogen compounds dependent mechanism involving participation of NO, NO2, other 
nitrogen oxides and nitrites. In this mechanism both types of cytotoxic inorganic 
oxidants interact: oxygen and nitrogen reactive radicals.  

 The third mechanism is independent of oxygen and nitrogen by changing 
phagolysosome pH that favors the action of antimicrobial substances present in the 
lysosomal or nuclear level.  

The constitutive form of NO synthase is found in endothelial cells, neutrophils, neurons. 
The existence of the inducible form has been shown in macrophages, hepatocytes, 
endothelial cells, neutrophils and platelets. Glucocorticoids inhibit the expression of 
inducible NO synthase but not of the constitutive enzyme.  

Nitrogen reactive radicals have a cytotoxic effect by inhibiting mitochondrial respiration, 
DNA synthesis, and mediate oxidation of protein and non-protein sulfhydryl groups.  
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cerebral or cardiac ischemia, extramitochondrial concentration decreases, disrupting 
oxidative phosphorylation and ATP levels.  An inversely proportional relationship between 
mitochondrial H2O2 formation rate and lifetime exists. Thus, it was observed experimentally 
that old animals present an increase in lipid peroxide formation in the mitochondria as a 
result of increased production of superoxide anion compared with young animals.  

Antimicrobial defense. Phagocytosis of bacterial germs is accompanied by a massive 
production of superoxide anions and other derivatives (OH-, HOCl, H2O2, 1O2) from the 
leukocyte metabolism. A NADPH-dependent oxidase, activated by protein kinase C and 
arachidonic acid released under the action of phospholipase A allow anion synthesis with 
an increased consumption of O2. 
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The sequence of reactions initiated in the membrane continues into the cytoplasm where a 
substantial amount of superoxide anion is formed which then is diffuses also extracellularly. 
Increased use of glucose occurs for energetic purposes and for restoring NADPH and 
oxygen consumption necessary for the production of ROS [8].  

Hydrogen peroxide is toxic on the neutrophil, which is inhibited by the presence at this level 
of the three enzymes that degrade the excess of peroxide: GSH-peroxidase, catalase and 
myeloperoxidase.  

The enzyme present in phagosome, myeloperoxidase, will catalyze in the presence of H2O2 
and chloride ions, forming toxic halogenated derivatives. 

- -
2 2 2H O + Cl ClO + H O   

In turn, hypochlorous acid can react with aminic groups or with the ammonium ion (NH4) 
forming chloramines. In the presence of hydrogen peroxide, HOCl forms singlet oxygen. 
These products of activated leukocytes have bactericidal properties.  

Based on the properties of leukocytes to emit chemiluminescence during phagocytosis, this 
method has a clinic utility. Chemiluminescence emission is due to formation of free radicals, 
lipid peroxides and prostaglandin synthesis, a process associated with phagocytosis. This 
property is suppressed by anesthesia, cytostatic agents and anti-inflammatory preparations. 
Drugs with anti-inflammatory effect inhibit the activity of cyclooxygenase, the enzyme 
involved in prostaglandin synthesis.  

A deficiency in the leukocyte production of free radicals (septic granulomatosis) or decrease 
of myeloperoxidase activity (following corticotherapy) is characterized by particularly 
sensitivity to infections.  

During phagocytosis, three cytotoxic and antimicrobial effect mechanisms take place: 

 oxygen dependent mechanism involves activation of myeloperoxidase and other 
peroxidases  

 Nitrogen compounds dependent mechanism involving participation of NO, NO2, other 
nitrogen oxides and nitrites. In this mechanism both types of cytotoxic inorganic 
oxidants interact: oxygen and nitrogen reactive radicals.  

 The third mechanism is independent of oxygen and nitrogen by changing 
phagolysosome pH that favors the action of antimicrobial substances present in the 
lysosomal or nuclear level.  

The constitutive form of NO synthase is found in endothelial cells, neutrophils, neurons. 
The existence of the inducible form has been shown in macrophages, hepatocytes, 
endothelial cells, neutrophils and platelets. Glucocorticoids inhibit the expression of 
inducible NO synthase but not of the constitutive enzyme.  

Nitrogen reactive radicals have a cytotoxic effect by inhibiting mitochondrial respiration, 
DNA synthesis, and mediate oxidation of protein and non-protein sulfhydryl groups.  
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Although NO has a protective role at the vascular level by a relaxing effect (EDRF), under 
certain conditions it may exert a cytotoxic effect, causing pathological vasodilatation, tissue 
destructions, inhibits platelet aggregation, modulates lymphocyte and immune response 
function.  

Synthesis of prostaglandins. Phospholipase A2 catalyzes the degradation of membrane 
phospholipids with arachidonic acid formation. Stimuli such as phagocytosis, antibody 
production, and immune complex formation, the action of bacterial endotoxins or 
cytokines stimulate the activation of this enzyme. There are two enzymatic forms: type I 
PLA2, membrane bound, which is stimulated by Ca2+ at physiological pH, and the type II 
one, cytoplasmic, which is inhibited by Ca2+ and is active at acidic pH. Two enzymes, 
lipoxygenase and cyclooxygenase, bound to plasmic and microsomal membranes, 
convert arachidonic acid in derivatives such as: thromboxane, prostaglandins, 
leukotrienes [18]. 

Under the action of lipoxygenase, arachidonic acid is converted into a hydroperoxide: 
hydroperoxyeicosatetraenoic acid (HPETE) which will release the hydroxyl radical during 
its transformation into hydroxyeicosatetraenoic acid (HETE). Hill et al. have emphasized the 
role of glutathione peroxidase (GSH-Px) and of glutathione in this reaction: blocking the 
activity of this enzyme, they have noticed a significant decrease (of 66%) of HPETE 
conversion in HETE [14, 16]. 

Under the action of cyclooxygenase, arachidonic acid incorporates two oxygen molecules to 
form an endoperoxide, PGG; it loses the OH group to form PGH. This transformation, 
which is accompanied by the release of hydroxyl radical, exerts a negative retro-control to 
prostaglandin synthesis, inactivating the cyclooxygenase. Some of the products developed 
have a complex effect on the inflammatory process: thus, in the first phase, PGE2 acts on 
cells from the vascular wall with a procoagulant effect, and in the late phase it has an 
inflammatory effect by inhibiting leukocyte activation and oxidative metabolism of these 
cells during phagocytosis. The byproducts resulting from this process will be the ones to 
modulate the intensity of the next phase [15, 22].  

The two endoperoxides formed, PGG2 and PGH2, have an inducible role on the production 
of PCI2 or TxA, being involved in the mechanism that ensures homeostasis of the vascular 
and platelet phase of hemostasis.  

The other enzyme has a dual effect, and promotes the initiation of lipid peroxidation and the 
decomposition of resulting products of these reactions. 

3.2. Exogenous production  

The human body is subjected to aggression from various agents capable of producing free 
radicals. Thus, UVs induce the synthesis of ROS and free radicals generating molecules via 
photosensitizing agents.  
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Ingestion of alcohol causes ROS synthesis by different mechanisms: xanthine oxidase and 
aldehyde oxidase can oxidase the main metabolite of ethanol (acetaldehyde) resulting in 
superoxide anion.  

Ethanol also stimulates the production of superoxide anion and, by inducing NADPH-
oxidase synthesis, NADPH cytochrome reductase and P450 cytochrome.  

The alcohol ingestion decreases the activity of protective enzymes (SOD, glutathione 
peroxidase). Also low serum concentrations of selenium and vitamin E have been found in 
alcoholics. 

Toxic substances as nitrogen oxide and nitrogen dioxide in the environment are responsible 
for autoxidation of polyunsaturated fatty acids in lung alveoli. The reaction may be 
reversible or irreversible. NO. and NO2 may react with H2O2 produced by alveolar 
macrophages and can generate the hydroxyl radical. 

The reduction of carbon tetrachloride (CCl4) in CCl3. performed under the action of 
cytochrome P450 or in the presence of Fe2 is another factor that induces autoxidation of 
polyunsaturated fatty acids, increasing lipid hydroperoxides concentration.  

Anticancer drugs are able to synthesize free radicals, this process depending on the mode of 
action and their toxicity.  

These drugs under the action of cytochrome P450-dependent enzymes produce the 
activation of O2 with the formation of ROS which will attack GSH and other thiols 
(hemoglobin), causing the formation of lipid peroxides and activation of Ca2+-dependent 
endonucleases.  

These mechanisms can induce disturbances of the coagulation system (increased hemolysis), 
severe forms of cardiomyopathies, because of the low level of cardiac antioxidants (AO) 
[25]. 

4. Reactive oxygen species and oxidative stress  

In physiological conditions a delicate balance exists between ROS production and the 
antioxidant capacity. A higher ROS production and/or a decreased antioxidant capacity is 
responsible for the harmful effects of free radicals or the oxidative stress (OS). Oxidative 
stress represents an important pathogenic mechanism involved in inflammation, 
cancerogenesis or aging [24]. 

End products of free radicals action, aldehydes, inhibit the activity of membrane enzymes 
(glucose-6-phosphate, adenylate cyclase). These aldehydes react selectively with proteins or 
enzymes containing SH groups and cause tissue destructions.  

The emergence of OS is one of the most important pathogenic mechanisms involved in 
inflammation, carcinogenesis, radiation disease and aging.  
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The objective of various experimental models was to study erythrocyte response to oxidant 
substances action. Erythrocyte characteristics and test substance dosing allowed the 
evaluation of OS; these experiments can be extrapolated to explain various physiological or 
pathological processes in the body.  

Oxidative stress is an ongoing process in the body, and under physiologic conditions there 
are effective mechanisms that negate its effects, thus high concentration of erythrocyte GSH 
and related enzyme equipment provide a defense against ROS.  

Erythrocyte congenital enzyme deficiencies confer erythrocytes an increased sensitivity to OS. 

A section of the body intensely studied to assess OS is the liver due to its role in the 
metabolism of a wide range of endogenous and exogenous products. Thus, by the 
metabolism of aromatic compounds, drugs or carcinogenic hydrocarbons in the live, a large 
amount of FR occurs, which will initiate in the next phase OS from this level.  

Liver antioxidant systems are represented by SOD, GSH and dependent enzymes 
(transferase and peroxidase). Using ESR and spin trapping, FR resulting from chemical 
pollutants metabolism were identified, and a strong correlation between the functional 
impairment of the hepatic parenchyma, free radicals formation and decrease in GSH was 
noted. Under these conditions, free radicals of that substance occur which can cause tissue 
destructions also without O2 activation.  

The experimental poisoning of rats with alcohol (1.5 mmol/kg) showed significant decrease 
at one hour of ingestion of GSH, vitamin E and C along with hepatic necrosis and formation 
of lipid peroxides [2, 11]. 

GSH is an important protective factor against OS. Its level is interrelated with other 
antioxidants (vitamin C and E) that stimulate its preservation in reduced form. 

Stress proteins. Structurally altered intracellular protein group, whose synthesis is induced 
by oxidative stress has been named stress proteins group. Of particular interest is the 32 kDa 
protein whose synthesis is induced by the action of ionizing radiation, hydrogen peroxide. 
This protein is a marker of generalized response to oxidative stress. Free radicals affect 
cytokines (endogenous pyrogens: IL-1, IL-2, TNF-a, IFN) that play a role in regulating signal 
transmission in response to stress which will cause the synthesis of these proteins. It is 
considered that SOD itself is a stress protein.  

The tissue repair process is enzymatically catalyzed (repair enzymes) that break down 
damaged cellular particles, take intact aminoacids to synthesize new defense proteins.  

5. The effects of reactive oxygen species 

5.1. Oxygen free radicals – Intracellular messengers 

Before discussing the negative effect of oxygen activation on the body, we should also take 
into consideration their involvement in certain physiological processes, when these ROS are 
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produced in quantities which do not exceed the antioxidant capacity. Thus, the superoxide 
anion is produced by leukocytes during phagocytosis and in smooth muscle cells, epithelial 
cells, skin fibroblasts and endothelial cells [27].  

The anion produced by macrophages and endothelial cells induces conformational changes 
of receptors on the LDL lipoprotein surface, allowing their recognition and involvement in 
atherogenesis [10, 12].  

It is also involved in cascade-type metabolic reactions of arachidonic acid and in achieving 
platelet adhesion and aggregation function.  

5.2. Lipid peroxidation  

Formation of peroxides, especially lipid ones, is a consequence of the activation of O2, the 
interconversion of reactive species and natural systems protection overcoming. In biological 
environments, the most favorable substrate for peroxidation is represented by 
polyunsaturated fatty acids (PUFA), components of cell and subcellular membranes. 

Peroxidation is a complex process that includes three phases: initiation, propagation, 
end-decomposition, which interpose, so that only end products can be determined 
chemically: aldehydes (malondialdehyde), polymerized carbonyl compounds 
(lipofuscin) [9]. 

A radical character initiator (which may have different structures and origins, including 
peroxy ROO. radicals) removes a hydrogen atom from polyunsaturated fatty acid diallyl 
carbon, forming a favorable reactive center for oxygen action. The peroxy ROO. radicals 
which become hydroperoxides result. In fact, due to side reactions, other locations of the 
peroxide group per PUFA molecule occur [28].  

5.3. Cell structural alterations  

Since the formation of peroxides and their decomposition products, the sequence of 
reactions passes from a molecular level to a cellular one due to structural changes that occur 
in membranes: structural disorganization of the membrane and deterioration of pores 
crossing the double phospholipid layers. Peroxidation leads to changes in fatty acid 
qualitative composition of phospholipids composition with changing the ratio between 
PUFA and other acids. The first two effects induce the third, which consists in a decrease in 
membrane fluidity and altered active ion transport; these effects finally lead to changes in 
ion and other intracellular compounds concentration [26].  

Numerous experimental studies have shown that tissue injury caused by free radicals 
determined at one point an imbalance of Ca2+ (i.e., increases in intracellular Ca2+ 
concentration). Under physiological conditions, there are effective homeostatic mechanisms 
(enzyme systems, protein transporters) to keep an optimum ratio between intracellular (0.1-
0.4 microM) and extracellular of the mM order concentration. Overcoming these 
mechanisms (in this case by producing free radicals) determines the accumulation of 
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calcium in the cell which will lead to structural membrane alterations, production of 
unsaturated lipids, efflux of GSH, its transition to an oxidized form and the creation of an 
intracellular oxidative potential [21, 23].  

Experimental studies on isolated hepatocytes have shown the correlation between the 
cellular toxicity of calcium and the decrease of tocopherols levels, substances with strong 
antioxidant character.  

Maintaining the cell functional state ultimately depends on the level of proteins 
containing SH groups. Thus, the role of GSH in protection against oxidative stress is 
precisely regeneration of protein SH groups which in turn will ensure intracellular 
calcium homeostasis. Vitamin E stabilizes ATPase activity dependent of calcium in the 
endoplasmic reticulum by maintaining SH groups in the structure of the enzyme in 
reduced state. Also, vitamin E is protective against the compounds resulting from lipid 
peroxidation: a molecule of alpha-tocopherol protects against 500 molecules of 
polyunsaturated fatty acids. 

5.4. DNA destruction 

The results of chromatographic technique used to determine the urinary excretion products 
resulting from scission of DNA in humans showed a normal excretion in average of 100 
nmol products. This total represents 103 thymine molecules oxidized per day for each of the 
6X1013 cells in the body.  

Between eliminating these products and the specific metabolic rate (SMR) there is a linear 
correlation. 

The specific metabolic rate of an organism is dependent on the O2 use rate by its tissues and 
it is proportional to the free radicals production rate. In this case, the ratio between the total 
concentration of antioxidants (enzymatic and non-enzymatic systems) and the metabolic 
rate represents the protection degree of a tissue or body to free radicals. It seems that there is 
a genetic programming of the metabolic rate for each species and individual.  

Looking at the hypothesis on free radicals involvement in aging, it has been shown that 
there is an inversely proportional relationship between the metabolic rate, free radicals 
production, respectively, and he maximum lifespan potential (MLP). Thus, on the 
evolutionary scale, metabolic rate decreased and lifespan increased, in mammals their 
product being constant.  

One can calculate the lifespan energy potential (LEP), expressed in kcal-kg as follows: LEP 
2.70 X MLP X SMR. This potential is directly proportional to the total concentration of 
antioxidants. 

During aging, the formation of free radicals amplifies by exposure to prooxidant factors 
from the environment, and by the decreased antioxidant defense capacity.  
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At an intracellular level (especially in muscles and neurons), deposits of lipofuscin 
pigments, lipid peroxides and their breakdown products are formed.  

These deposits are mainly localized in the myocardium, brain, and, by the age of 80, they 
represent 70% of cytoplasmic volume of neurons and 6% of that of myocardiocytes.  

Experimental studies demonstrated that in 50 years a person accumulates 13.4 
mg/lipofuscin/gram of myocardium, pigment formation taking place once with exceeding 
the absorption of 0.6 free radicals micromoles/gram of tissue. 

There is an inversely proportional relationship between the formation of these products and 
the concentration of vitamin E in the body. 

To control the effects of aging, ones requires a moderate diet, which reduces metabolic rate 
and O2 consumption with an optimal concentration of lipids and a quantitatively and 
qualitatively balanced intake of antioxidants and other factors that enhance assimilation and 
their metabolism. It is also necessary to achieve a balanced interaction of endogenous 
antioxidants. 

The antioxidants level varies greatly depending on the age of the body, that organ and 
subcellular components; thus an increase of GSH-Px activity was noted in mitochondria of 
cardiac cells and erythrocytes in the elderly, and a decrease of activity in liver and 
kidneys. The decrease of SOD activity in the liver of the elderly was highlighted and no 
significant changes in the concentration of intramitochondrial SOD in the heart were 
noted.  

Also, there is a correlation between the intensity of DNA destructions caused by FR and 
xanthine oxidase concentration. This enzyme, present in low concentrations, in tissue or 
plasma, increases under tissue injury. 

5.5. Effects on molecules 

Free radicals are responsible for the inactivation of enzymes especially of serine proteases, 
the fragmentation of macromolecules (collagen, proteoglycans, hyaluronic acid), the 
formation of dimers, the protein aggregates in the cytoplasmic membranes. The most 
susceptible amino acids to their action are tryptophan, tyrosine, phenylalanine, methionine 
and cysteine. 

Transition metal ions (Fe, Cu, Ni, Co, Cd) have a pro-oxidant action by intensifying 
reactions in which FR are formed and those in which the decomposition of lipid 
peroxides takes place. At the molecular level, Fe2+ ion contributes to the induction of 
oxidative stress by increasing non-enzymatic oxidation of catecholamines and GSH, 
promoting lipid peroxide decomposition and the formation of the most toxic free 
radicals, the hydroxyl radical. Fe2+, under complexed form as transferrin, is inactive 
against peroxides. Fe2+ release from transferrin takes place under pH decrease as it does 
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radicals, the hydroxyl radical. Fe2+, under complexed form as transferrin, is inactive 
against peroxides. Fe2+ release from transferrin takes place under pH decrease as it does 
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in hypoxia, leukocyte activation or in muscle tissue during strenuous physical exercise. 
Another source of free Fe2+ is represented by hemoglobin, which at low concentrations 
acts as a pro-oxidant favoring PUFA peroxidation. Proteins that bind Fe2+ have a 
different action: thus, ferritin has a pro-oxidant capacity, while hemosiderin and 
lactoferrin are antioxidants.  

Bilirubin, resulting from the metabolism of hemoglobin, as transition metal ions, causes 
alterations in the membrane structure by initiating PUFA peroxidation. Bilirubin crosses 
the blood-brain barrier, inhibits oxidative phosphorylation and decreases AMPc and GSH 
concentration. Thus, the encephalopathy caused by intense hemolytic jaundice in 
neonates is correlated with elevated levels of bilirubin, blood lipid peroxides and GSH 
decrease.  

The same changes were observed in hepatitis of various etiologies (viral, ethanolic) and 
were correlated with graded morphological changes of the steatosis type, up to the 
irreversible ones, cirrhosis, caused by exceeding the protective antioxidant systems. 

The bilirubin has an antioxidant effect, enhanced by binding to albumin, its plasma 
transport form. This different behavior of bilirubin depends on the concentration and the 
environment, like ascorbic acid, which features a pro- and antioxidant character, widely 
accepted today. 

6. Reactive oxygen species – Implications in cardiovascular pathology 

Atherosclerosis (ATS) and its notable complication, coronary heart disease, still represent 
the major cause of premature death worldwide. Several lines of evidence suggest that the 
major risk factors (hypertension, diabetes mellitus, hyperlipemia, smoking) elicit 
oxidative stress at the luminal surface of vascular wall that will be further responsible for 
the oxidative damage of lipoproteins, formation of lipid peroxides, platelet aggregation 
and activation of macrophages [10]. LDL lipoproteins are the easiest to be oxidized 
because of their high PUFA content; at variance from native LDL, oxidatively modified 
LDLs are more avidly taken up by macrophages via the scavenger receptor thus 
generating the well-known “foam cells” of the atherosclerotic plaques. Experimental 
studies demonstrated that LDL can be oxidized by all of the major cells of the arterial wall 
(macrophages, endothelial cells, smooth muscle cells). Besides its rapid uptake by 
macrophages, oxidized LDL elicit a chemoatractive effect facilitating monocyte adhesion 
to the endothelium and a toxic affect at the level of endothelial cells by inhibiting the 
release of nitric oxide. In vivo identification of oxidized LDL in atherosclerotic plaques 
clearly established in the late 80s the oxidative-modification theory of ATS. Much effort 
was further directed towards identification of factors that influence the susceptibility of 
LDL particles to oxidation. Among these, the presence of small dense LDS particles, of 
preformed lipid peroxides, as well as glycation or binding of LDLs to proteoglycans were 
proven to facilitate oxidation [12].  
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Highly reactive aldehydes are one of the major causative factors in oxidative related 
cardiovascular pathology and ageing. Specific aldehydes (e.g., 4-hydroxynonenal 
acetaldehyde, acrolein) were reported to be transiently increased in the settings of heart 
failure and ischemia-reperfusion injury [13] and to interfere with transcriptional regulation 
of endogenous anti-oxidant networks in mitochondria [1]. Recently, accumulation of 
reactive aldehydes was studied from the point of view of the subsequent protein 
carbonylation and its implication in cardiovascular pathophysiology [4]. 

On the other hand, decreased antioxidant defense further contributes to the oxidative 
damage. Low concentration of GSH-peroxidase in the vascular wall creates conditions 
favorable to the actions of hydrogen peroxide and other FR on lipids and lipoproteins 
[28]. In physiological conditions, nitric oxide acts as an antioxidant, inhibiting LDL 
peroxidation and their destructive effect on interstitial proteoglycans. With the increased 
production of FR, NO may become a prooxidant factor, stimulating LDL peroxidation by 
a mechanism involving myoglobin. Deficiency of other protective factors will favor 
oxidative injury. Lipid-soluble antioxidants such as tocopherols and ubiquinol are 
present in the hydrophobic environment of the lipoproteins in order to protect PUFA 
from FR attack. In vitro experimental data showed that: i) exposure of LDL to oxidative 
stress will trigger lipid peroxidation only after the loss of its above mentioned 
antioxidants and ii) enrichment of LDL with vitamin E will make LDL oxidation more 
difficult [6]. 

Accordingly, the beneficial role of antioxidant supplementation has been extensively 
investigated in the past decades in a variety of animal models. Most investigators reported 
beneficial effects, i.e., prevention of atherosclerotic lesions with vitamin E supplementation, 
yet an early study by Keaney et al. mentioned a deleterious effect of high doses of 
tocopherol on endothelial-dependent relaxation in cholesterol fed rabbits [11]. 
Unfortunately, despite the promising observational experimental data, several prospective, 
double-blind, placebo-controlled trials did not support a causal relationship between 
vitamin C and E supplementation and a lower risk of coronary heart disease [21]. Similarly, 
lack of beneficial effect with long term vitamin E supplementation was recently reported in 
large clinical trial (the Women’s Health Study) that addressed the role of antioxidant 
therapy in the primary prevention of heart failure [2].  

These negative results may be related to the fact that antioxidant supplements could 
abolish the physiological role of ROS as signaling molecules [18], especially when 
considering that most cardiovascular patients are treated with “pleiotropic” drugs such 
as statins, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, that 
besides their major effects are reported to reduce ROS formation [23]. Indeed, a large 
body of evidence demonstrated unequivocally that reduced amounts of reactive oxgen 
species, most probably of mitochondrial origin [17] but not exclusively, are essential in 
regulating cardiovascular homeostasis [19] as well as the powerful mechanisms of 
endogenous cardioprotection at postischemic reperfusion, namely pre- and 
postconditioning [20].   
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In conclusion, increasing the level of endogenous antioxidants, as recently suggested via the 
supplimentation of weak "pro-oxidants" [8], and not chronic supplementation with large 
dose of exogenous antioxidants could become in the future a more appropriate approach to 
treat diseases that share oxidative stress as a common denominator. 
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1. Introduction 

1.1. Copper homeostasis in mammals  

Dietary copper enters the body largely through the small intestine. Two membrane 
transporters are essential for this process. The high affinity copper uptake protein Ctr1 is 
responsible for making copper that enters via the apical membrane available in the cytosol 
for further utilization (1), whereas the copper-transporting ATPase ATP7A facilitates copper 
exit from the enterocytes into circulation (2) (Figure 1). Complete genetic inactivation of 
either transporter in experimental animals is embryonically lethal (3-5). However, partial 
inactivation or tissue specific inactivation of ATP7A or Ctr1, respectively, in either case is 
associated with copper accumulation in the intestine, impaired copper entry into the 
bloodstream, and severe copper deficiency in many organs and tissues (1). Copper 
deficiency, in turn, produces distinct metabolic changes that are discussed in detail in the 
following sections. 

The majority of absorbed dietary copper is initially delivered to the liver. Hepatocytes 
utilize copper for their metabolic needs (such as respiration and radical defense); they 
also synthesize and secrete the major copper containing protein in serum, ceruloplasmin, 
and prevent copper overload in the body by exporting excess copper via the canalicular 
membrane into the bile (Figure 1). These two important functions of hepatocytes (the 
production of ceruloplasmin and the removal of excess copper) are performed by 
another transporter, the copper transporting ATPase ATP7B, which is homologous to 
ATP7A (6, 7). Inactivation of ATP7B in patients with Wilson’s disease and in animal 
models is associated with marked copper overload in the liver and pathologic changes 
including marked lipid dysregulation in the liver and the serum (discussed in the later 
sections). 
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production of ceruloplasmin and the removal of excess copper) are performed by 
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sections). 
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Figure 1. Copper homeostasis and lipid metabolism display functional interactions. Copper enters 
circulation via small intestine where copper transporters Ctr1 and ATP7A play the major role in the 
dietary copper absorption. Dietary copper deficiency is associated with a lower level of ceruloplasmin 
in the serum and increase in cholesterol and lipoproteins. Copper deficiency also upregulates the 
copper uptake protein Ctr1 in intestine; this compensatory effects is diminished by high fructose. In the 
liver, copper deficiency is associated with increased synthesis of cholesterol and higher expression of 
fatty acid synthase (FAS). Also, in the liver, the copper-transporting ATPase ATP7B mediates copper 
delivery to ceruloplasmin and copper export into the bile. Genetic inactivation of ATP7B in Wilson’s 
disease is associated with copper overload and marked changes in lipid metabolism. Cholesterol 
biosynthesis is downregulated and both the serum and hepatic lipid profiles are altered. 

The level of expression of copper transporters and their regulation varies between various 
organs (8). For example, ATP7B is the main transporter in hepatocytes, but it is absent from 
the adrenal gland, whereas opposite is true for ATP7A (9). Most of the tissues such as heart, 
brain, lung, placenta and kidneys express both copper-transporting ATPases along with the 
two copper uptake systems Ctr1 and Ctr2. As a result, the consequences of copper 
deficiency and copper overload are tissue specific, and certain organs such as heart or liver 
are more profoundly affected (see below). Recent studies also revealed an important 
homeostatic cross-talk between different organs in either copper deficiency or copper 
overload. For example, copper overload in the liver is accompanied by functional copper 
deficiency in the adrenal gland (9), whereas severe copper deficiency in the heart stimulates 
copper efflux from the liver (10), presumably to compensate for the deleterious effects of 
copper depletion.  

The analysis of available literature also illustrates that variations in copper levels, either 
through the diet or as a result of genetic copper misbalance, have a profound effect on lipid 
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metabolism. Significance of these observations is becoming more and more apparent given 
recent data that dietary influences (such as amount of fat in the diet) could be important 
modifiers of the course and severity of the disorders associated with copper misbalance (11). 
Reciprocally, copper deficiency has emerged as a factor in the development of Non-alcoholic 
Fatty-Liver Disease (NAFLD)(12, 13), although current reports paint complex picture (14) 
and further studies are needed. Despite ample phenotypic evidence in support of copper-
lipid interactions, little mechanistic work has been done so far, and current understanding 
of this metabolic interaction at the molecular level is very limited. The goal of this review is 
to illustrate and emphasize the need for such detailed mechanistic investigations.  

2. Copper deficiency  

2.1. Copper in western diet 

Copper deficiency has long been known to alter lipid metabolism; consequently, it has been 
proposed as a significant factor in human diseases associated with dyslipidemia (15). 
Copper deficiency is rarely diagnosed in humans, with a notable exception of a growing 
number of reports pointing to copper and other mineral insufficiencies as unintended 
consequences of bariatric surgeries (16-18). The under-detection of copper deficiency could 
be due to limitations of screening using serum or urine samples. Although liver is the main 
homeostatic organ for copper and has a high copper content, copper levels in serum and 
urine do not correlate well with a hepatic copper concentration (19), possibly masking 
deficiency in the liver.  

Recent work using a categorical regression analysis of copper deficiency and excess shows a 
U-shaped dose-response curve. Compilation of data on toxicity due to copper excess and 
deficiency yielded a generalized linear model that was used to estimate adverse responses 
depending on copper dose or severity of copper limitation, as well as duration of copper 
misbalance (20). This model indicates that for humans the optimal intake level for Cu is 2.6 
mg/day. The current United States Recommended Daily Intake is only 0.9 mg (US Food and 
Nutrition Board), whereas dietary study indicated that even 1.03 mg of Cu/day may be 
insufficient for adult men (21). The results of the third National Health and Nutrition 
Examination Survey (NHANES III, 2003) in the US showed that the mean daily intake of 
copper, depending on age, was 1.54–1.7 mg/day (±0.05 standard deviation (SD)) for men and 
1.13-1.18 mg/d (±0.05 SD) for women. These results imply that a large portion of the 
population may have insufficient dietary copper intake and mild copper deficiency.  

2.2. Low copper and human disease 

Current data suggest that copper deficiency may be a common contributing factor in 
cardiovascular disease (CVD) and non-alcoholic fatty-liver disease (NAFLD) (22-24). As 
described above, surgical obesity treatment has also been strongly implicated in copper 
deficiency, likely by causing a diminished absorption of copper after a gastric bypass 
surgery (16-18). In addition, low copper levels were detected in organs, plasma and tissue of 
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patients with several chronic diseases including cardiovascular disease, central nervous 
system, and musculoskeletal disorders (25). In fact, it was suggested that an ischemic heart 
disease could be largely attributed to copper deficiency (26), and that Cu deficiency and the 
high sugar consumption characteristic in the Western diet may interact in CVD (27). In a rat 
model, copper deficiency that reduces plasma levels of copper and ceruloplasmin also 
reduces copper content of the heart, liver, and testes. Coincidentally, heart zinc is also 
reduced, whereas hepatic iron levels rise (28), demonstrating the multifaceted effects of 
copper depletion on the overall body metal homeostasis. 

Numerous studies in the rodent and other animal models (discussed below) provide strong 
indication of a significant link between copper deficiency and dyslipidemia. Specific studies 
linking human lipid response to copper deficiency are very limited. The available reports 
clearly illustrate the need for a better mechanistic insight. For example, studies using 
healthy male volunteers showed severe copper depletion with a diet containing 0.83 mg 
Cu/day, which is similar to levels in some contemporary diets. In these individuals, along 
with the diminished copper, the levels of serum copper-depended enzyme ceruloplasmin 
were reduced, as was copper-zinc superoxide dismutase activity in erythrocytes. In parallel, 
changes in lipid metabolism were evident. Cholesterol was elevated in the serum, and 
changes in the cholesterol levels were found to be more sensitive to copper levels than 
changes in hematology (29). These observations suggest that the dietary copper levels may 
be significant modifying factors in the disorders associated with lipid misbalance. Indeed, a 
role for copper deficiency is emerging in NAFLD (discussed below).  

2.3. Low copper levels and hypercholesterolemia 

Current data indicate that copper deficiency is associated with specific effects on systemic 
lipid metabolism. Although copper deficiency affects multiple organs (liver, heart, intestine, 
brain, adipose tissue), the liver and cardiovascular system appear more profoundly affected 
compared to other tissues. The effects of copper deficiency are partially reversible. In a 
middle-aged adult population with cardiovascular disease (CVD), copper supplementation 
was shown to raise the serum copper enzyme activities, but improvement of CVD measures 
was inconsistent (30). The same report also showed that copper supplementation reduced 
levels of oxidized serum LDL with statistical significance, but the results were inconsistent 
necessitating further research. 

As described above, plasma cholesterol levels rise in human volunteers consuming a 
marginally low copper diet (29). In humans, the molecular mechanism behind this 
phenomenon has not yet been investigated in detail. However, much effort has been made 
characterizing the influence of copper deficiency on serum cholesterol as well as lipid 
profiles using animal models. These studies yielded wealth of useful information. Early 
work feeding rats a copper deficient diet revealed hypercholesterolemia, cardiac 
hypertrophy, hemorrhage, inflammation, and focal necrosis (31). This work also indicated 
that some of the cardiac pathology caused by copper deficiency could be linked to the lysyl 
oxidase deficiency. Lysyl oxidase (LOX) is a copper-dependent enzyme involved in the 
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cross-linking of collagen and elastin. Aortas of copper-deficient rats showed deformation 
and loss of elasticity, though myocardial arteries were normal. Since lysyl oxidase is only 
one of the copper dependent enzymes required for proper heart functions (others include 
cytochrome C oxidase, cytosolic superoxide dismutase, dopamine beta-mono-oxygenase) 
the role of low copper in CVD may be realized through multiple mechanisms in addition to 
the altered lipid metabolism.  

The development of cholesterolemia in response to copper deficiency has been explored in 
some detail in rats. Copper deficiency was found to be associated with the increased HDL 
and LDL levels (30% increase in HDL in one study). In addition, the plasma volume also 
increases, thus raising the available pool of cholesterol even more (22, 32). In effect, a 60% 
increase in total cholesterol may be observed (22). Overall, copper deficiency increases the 
absolute levels of cholesterol, but there is an argument whether the size of plasma 
cholesterol pool size may be a more powerful measure of cholesterol elevation. For example, 
the time course study of serum cholesterol in rats kept for 3-7 weeks on a copper deficient 
diet found that with time the plasma cholesterol concentration leveled off, but the pool size 
of cholesterol increased due to increases in the plasma volume (33). Curiously, the rates of 
HDL catabolism also increased, though the liver and the adrenal gland did not take up 
additional HDL in copper deficiency, suggesting one possible mechanism for dyslipidemia 
with respect to the HDL pool (34). 

2.4. Serum lipoproteins: changes in structure, composition, and degradation 

Rat models have proven to be especially consistent and valuable in studies of the 
dyslipidemia resulting from copper deficiency. Despite variations in the age, diet 
composition, and time on a copper deficient diet, an increase in the cholesterol 
concentration and/or pool was consistently reported in these animals. The lipids and 
lipoprotein components were analyzed in detail by al-Othman and co-workers and 
provided valuable data on changes in plasma pool size along with the composition and 
concentration of lipoproteins (33). These studies demonstrated no change in plasma 
phospholipid composition in copper deficient rats when compared to controls. In 
contrast, triglycerides, phospholipids, and cholesterol in LDL and HDL increased 2-fold 
or more. The VLDL composition of copper deficient animals changed most significantly 
with a 6-fold increase in triglycerides, 36% reduction in cholesterol and no change in 
phospholipid. An increase was observed in the VLDL particle size, but not the number of 
particles. In contrast, an increase in both size and number was seen for the LDL particles, 
whereas for the HDL particles an increase in the number of particles was observed, but no 
size change. 

The composition of serum lipoproteins in copper deficient animals may also be influenced 
by shifts in the expression and distribution of apolipoproteins, linking physiological 
response in the liver to the observed changes in plasma cholesterol. The plasma levels of 
apolipoproteins A, B, and E increase in rats fed a copper deficient diet, consistent with the 
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increased particle numbers and sizes (35-39). Remarkably, hepatic apoA1, ApoE and ApoB 
mRNA levels remain unchanged, suggesting that the alteration of the apolipoprotein levels 
is not due to an increase in transcription. Indeed, it was found that hepatic synthesis and 
secretion rates of apoA1 are upregulated (35), whereas the rates of synthesis of ApoB-48 and 
ApoB-100 are unchanged, despite an increase in secretion (37). Intestinal secretion of apoA-1 
was also observed, providing yet another source for increased circulating apolipoproteins 
and cholesterol (40).  

In copper deficiency, plasma HDL rich in apolipoprotein E (ApoE) accumulates and total 
ApoE binding to liver plasma membranes increases (also reported as a reduction in ApoE-
free HDL binding). Interestingly, the cholesterol levels in the liver decrease with copper 
deficiency, despite an overall increase in hepatic cholesterol synthesis (41, 42). These 
changes in synthesis, binding properties, and redistribution of lipoproteins suggest some 
mechanisms through which copper deficiency affects serum cholesterol levels. Thus far, 
molecular investigations of copper deficiency have identified increased hepatic expression 
of SREBP1-responsive fatty-acid synthase, along with the increased nuclear localization of 
the mature SREBP1 transcriptional activator (24). Changes in the expression of other genes 
involved in the fatty acid synthesis have not been explored in any significant detail, 
although the mRNA levels for cholesterol 7-alpha hydroxylase were found decreased by 
80%.  

Changes in the plasma lipoprotein composition and structure are expected to influence the 
lipid content of red blood cells (RBC) through lipid exchange. Consequently, in copper 
deficiency changes in the RBC lipid composition are likely (43-45). Studies of the lipid 
profile of plasma and membranes of RBCs in copper deficiency support this view. Both 
cholesterol and phospholipid levels increase in the RBCs plasma membranes in Cu deficient 
rats, whereas the molar ratios of cholesterol:phospholipids and cholesterol:membrane 
protein are reduced (46). The phospholipid profiles change as well, with the increased 
stearic and docosadienoic acid content, and the lower levels of oleic and linolenic acid (47). 
A study assessing structural characteristics of the RBC membranes demonstrated a decrease 
in membrane fluidity and speculated that this could be the cause of hemolysis and anemia 
(48). Intriguingly, another study reported an increase in the RBC plasma membrane fluidity 
in copper deficient rats (49). This discrepancy may be due to experimental conditions. Motta 
and colleagues found that in copper deficiency, increased fluidity in RBCs plasma 
membrane can be seen alongside with higher rigidity due to enhanced susceptibility of 
triacylglycerol-rich lipoproteins to lipid peroxidation (50). 

2.5. Copper-dependent lipid alteration in tissues 

Given significant changes induced by copper deficiency in the serum and the liver, it is not 
surprising that the lipid and fatty-acid composition of other organs is also affected. Severe 
copper deficiency can be induced in C57BL mice by feeding dams a copper deficient diet 
and subsequently weaning pups to the same diet. These animals had lower levels of 
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phospholipids in the liver and kidney, as well as lower triacylglycerols in kidneys (51). 
Lower proportion and total amount of di-homo-γ-linoleic acid was observed in all tissues of 
these mice, though levels of other lipids varied. Severe copper deficiency also induced 
hepatomegaly, reduced the brain weight, and reduced serum ceruloplasmin to 0.5% of 
control, indicating profound systemic effects.  

The liver is an organ that experiences significant changes in lipid composition and 
membrane structure in response to copper deficiency. The loss of membrane fluidity in 
hepatic tissue has been reported and suggested to be caused by changes in the composition 
of unsaturated fatty acids and triacylglycerols of fatty acids (48). Other observed changes in 
membrane lipids associated with copper deficiency include a decreased ratio of 
monounsaturated:saturated C16 and C18 fatty acids in adipose tissue and a decreased fatty 
acid desaturase activity in liver microsomes (52). Phosphatidylcholine biosynthesis may also 
be affected, as choline phosphotransferase activity levels are lower both in the heart and 
liver tissue in copper deficient rats (53). 

Concurrent with changes in lipid profiles and synthesis, copper deficiency decreases the 
total amounts of body fat and shifts metabolic fuel use from carbohydrate to fat. Respiratory 
quotient is reduced, but total energy intake is the same for animals kept on copper deficient 
and copper adequate diets (54). Young, weanling rats fed on a copper deficient diet for six 
weeks are leaner than controls, though they have increased serum cholesterol and 
triglycerides. Metabolically, whole body respiratory quotient decreases, reflected in a 
reduction of cardiac and adipose lipoprotein lipase, but not the skeletal muscle 
lipoprotein lipase (55). The change in fuel use may be related to upregulation of fatty acid 
synthesis. Copper deficiency does, however, decrease levels of hepatic cytochrome C 
oxidase (56).  

The molecular mechanisms for these changes in lipid metabolism due to copper deficiency 
are understudied; as a result, current knowledge is limited. Increases in expression of 
specific apolipoproteins and increased transcription of gene for fatty acid synthase in the 
liver have been reported (see above), providing first insights into molecular players that are 
involved in response to low copper. Some key information has also been gained in one gene 
expression study. A transriptome analysis in the small intestine of copper deficient rats 
revealed upregulation of mRNA for proteins involved in cholesterol transport including 
apolipoprotein E and the lecithin:cholesterol acyltransferase providing mechanism for 
enhanced intestinal cholesterol secretion (57). The study also reported down-regulation of 
genes in the pathway for fatty acid beta-oxidation (both mitochondrial and peroxisomal). 
The results suggested a change in cell metabolism that reduced fatty acid oxidation, perhaps 
as a feedback to the decreased cytochrome C oxidase activity. The specific effects of copper 
deficiency may differ in tissues and serum. For example, in contrast to intestine, the activity 
of plasma lecithin:cholesterol acyltransferase (a risk factor for ischemic heart disease) is 
decreased in rats fed a copper deficient diet (58). 
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phospholipids in the liver and kidney, as well as lower triacylglycerols in kidneys (51). 
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decreased in rats fed a copper deficient diet (58). 
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3. Functional interactions between copper, lipid, and other nutrients 

3.1. Copper and dietary fat/lipid  

Considering that copper deficiency influences systemic lipid metabolism, it would be 
interesting to know whether interactions between copper and lipid levels are reciprocal. In 
other words, it is important to determine whether dietary fat consumption, or changes in the 
type of fat consumed influences the activity or levels of copper-dependent enzymes. 
Changes in the ratios of saturated and unsaturated fatty acids have been noted in copper 
deficiency, and a cardioprotective effect of increasing proportion of polyunsaturated fatty 
acids was proposed (59). Curiously, feeding saturated fat in a copper deficient rat model 
increased hepatic copper as well as iron levels to a significant degree. Saturated fat 
consumption, however, did not change copper deficiency-induced lipid peroxidation, 
despite recovery of some hepatic copper. Copper-zinc superoxide dismutase (Cu/Zn-SOD) 
in the liver is less active in copper-deficient rats, whereas other hepatic antioxidant enzymes 
are unaffected by copper deficiency (56). This observation suggests that proper 
incorporation of copper in Cu/Zn-SOD may be key to preventing lipid peroxidation.  

The effect of fatty acids on copper may also be mediated at the level of intestinal absorption. 
Experiments with the long chain fatty acids palmitate and stearate showed reduced levels of 
copper absorption from the jejunum (60) in response to treatment. In another study, direct 
cholesterol feeding of rabbits was used to model hypercholesterolemia and atherosclerosis. 
Adding cholesterol to 0.5% of diet triggered the redistribution of copper from the liver to 
plasma, with a 50% increase in plasma Cu and a 74% reduction in liver copper (61). 
Interestingly, copper supplementation in cholesterol-fed rabbits reduced atherosclerotic 
lesions (62). Further support for the importance of copper-lipid interactions in cardiac 
function is indicated by the observation that cardiomyopathy might be exacerbated by 
combination of high dietary fat and copper restriction. Specifically, when copper restriction 
and dietary fat supplementation were tested separately and together, the lowest level of 
cardiac cytochrome C oxidase activity was observed in copper-deficient rats on a high fat 
diet (63). 

3.2. Fructose, lipids, and copper metabolism 

The influence of dietary sugar consumption on lipid metabolism may be mediated, in part, 
by exacerbation of copper deficiency. Copper-deficient rats fed a sucrose-based or starch-
based diets all had increased plasma cholesterol and lower plasma ceruloplasmin levels, as 
observed in copper deficiency alone (64). However, feeding sucrose rather than starch 
greatly enhanced deleterious effects of copper deficiency, such that those animals showed 
60% mortality in the 9-week study. The copper deficient sucrose fed rats had a 3-fold lower 
hepatic copper level compared to starch-fed copper deficient rats. These results suggested a 
sucrose-dependent change in copper mobilization or retention within the liver (64). Cardiac 
abnormalities consistent with copper deficiency were also observed. Follow-up work 
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indicated that when diets with fructose, glucose or starch were combined with copper 
deficiency, both glucose and fructose raised plasma cholesterol levels. However, severity of 
copper deficiency and mortality were much greater with fructose as opposed to glucose 
feeding (65), suggesting that the exacerbation of copper deficiency by sucrose was due to the 
fructose component. More recent work (66) indicates that the effect of fructose may be at the 
level of absorption, whereby copper deficiency induces upregulation of the copper 
transporter Ctr1, but this effect is eliminated by high fructose feeding (Figure 1). 

Dietary fructose consumption and dietary copper deficiency independently alter fatty-acid 
metabolism; in combination, the effect is enhanced (66-69). Feeding weanling rats for three 
weeks on a diet adequate or deficient in copper along with either fructose or corn starch as a 
carbohydrate source (62% carbohydrate) revealed that fructose feeding enhanced indicators 
of copper deficiency, such as enhanced heart/body weight ratio and reduced hepatic copper 
(70). Analysis of hepatic enzymes involved in the lipid and carbohydrate metabolism also 
indicated that a diet deficient in copper had greatest metabolic effects in combination with 
fructose, less with glucose and least with starch (71). Glucose-6-phosphate dehydrogenase, 
malic enzyme, L-alpha-glycerophosphate dehydrogenase and fructose 1-6-diphosphatase 
were all unaffected by Cu deficiency, but their activities were enhanced most in combination 
with fructose, suggesting a complementary rather than direct role for fructose in 
exacerbating copper deficiency (71). 

Copper deficiency in combination with fructose feeding alters the fatty acid composition of 
triacylglycerol in the heart and the liver. Cardiac phosphatidylinositol and 
phosphatidylserine were shown to increase nearly two-fold and arachidonic acid and 
docosapentaenoic acid to be elevated more than two-fold in copper deficient, fructose fed 
animals (70). A change in cardiac phospholipids may explain the increased mortality 
observed in copper deficient/fructose fed rats and suggest a potentially significant role for 
these dietary factors in ischemic heart disease. However, the observed changes in the lipid 
composition could not be correlated with the extent of copper deficiency, illustrating once 
again that a detailed mechanistic understanding of these dietary interactions could be highly 
beneficial. 

Western diet is characterized by high fructose and high fat. In combination with a likely 
mild copper deficiency (see above), it stands to reason that these factors may all interact to 
induce changes in whole body metabolism, especially lipid metabolism, producing 
deleterious hepatic and cardiovascular effects. When this idea is tested in rats by combining 
high fat and fructose, or low fat and fructose with copper deficiency, liver metabolism is 
most significantly affected by the fat and fructose combination (28). Sugars mobilize copper 
from the liver to other tissues (64), possibly causing a change in liver physiology. Recent 
work also indicates that the mobilization of copper from the liver may be driven by heart-
specific copper deficiency (10). Thus, in addition to interaction during absorption, an 
important inter-organ communication exists that jointly modulates levels of copper and 
lipids in various tissues  
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composition could not be correlated with the extent of copper deficiency, illustrating once 
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important inter-organ communication exists that jointly modulates levels of copper and 
lipids in various tissues  
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4. Copper misbalance and lipid metabolism in human disease 

4.1. Lipid metabolism in Menkes disease 

The studies discussed above were focused on the effects of dietary copper deficiency. In 
humans and in animals, genetic inactivation of the copper transporting ATPase ATP7A 
impairs copper export from the intestine, effectively limiting copper supply to many tissues 
and causing lethal pathology known as Menkes disease, MND (72). Depending on the type 
of mutation in ATP7A, severity of copper deficiency as well as disease manifestations vary 
between MND patients. Lipid profiles have been explored in some patients and found 
affected, but inconsistently, with the exception of a higher neutral lipid content of VLDL in 
all tested MND patients compared to controls. Interestingly, although ApoB in patients 
appeared normal, it degraded faster during storage suggesting lower stability (73). 
Variations in lipid profiles could also be age-related. Studies in animals (including an animal 
model for Menkes disease) demonstrate that unlike adults, copper deficient young animals 
do not show elevated cholesterol in the serum (74). The resistance of young mice and rats to 
hypercholesterolemia could be due to insufficient depletion of copper in the liver, which 
serves as a major store of copper in neonatal animals, or/and insufficiently progressed 
functional defects in the liver at young age (74).  

ATP7A plays an important role in the development and maintenance of vasculature by 
supplying copper for functional maturation of lysyl oxidase. Recent studies also suggested 
the important role for ATP7A in the pathogenesis of atherosclerosis (75). ATP7A was 
detected in atherosclerotic lesions of mice with genetically inactivated LDL receptor where it 
colocalized with macrophages. Down-regulation of ATP7A in a macrophage-derived cell 
culture by siRNA resulted in decreased expression and enzymatic activity of cytosolic 
phospholipase A(2) alpha, an important enzyme involved in LDL oxidation (75). 
Furthermore, only cell-mediated LDL oxidation was reduced following down-regulation of 
ATP7A, whereas conditioned medium from either control or ATP7A down-regulated cells 
was without such effect (75). This result indicates that the reduced LDL oxidation is not 
simply due to a diminished copper export from cells with down-regulated ATP7A, but 
rather due to complex metabolic interactions between copper misbalance and lipid 
metabolism  

4.2. Copper overload in Wilson’s disease markedly alters lipid metabolism. 

Direct evidence for the important role of copper in modulating hepatic lipid metabolism and 
serum lipid profiles has been produced by studies using Atp7b-/- mice (an animal model of 
Wilson’s disease, WD) and, subsequently, samples from WD patients. Wilson’s disease is a 
severe genetic disorder of copper overload, caused by inactivating mutations of copper 
transporting ATPase ATP7B and inability to excrete excess copper from hepatocytes (76). 
Despite massive accumulation of copper in a cytosol, copper incorporation into 
ceruloplasmin is impaired and serum levels and activity of ceruloplasmin are greatly 
diminished (phenotypically resembling consequences of copper deficiency, Figure 2). The 
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genetically engineered knockouts of Atp7b (Atp7b-/- mice) accurately reproduce these key 
features of WD (77). Consequently, these animals have been used to investigate 
consequences of copper overload at the molecular level. 

 
Figure 2. Elevated copper in Atp7b-/- hepatocytes inhibits activities of nuclear receptors and 
dysregulates lipid metabolism. In Wilson’s disease, genetic inactivation of the copper transporting 
ATPase ATP7B results in an impaired copper export from hepatocytes, loss of copper incorporation into 
ceruloplasmin, CP, (and a secretion of Apo-CP into the serum) along with massive copper accumulation 
in hepatocytes. Copper concentrates preferentially in the cytosol and nuclei. Cytosolic copper does not 
prevent sensing of cholesterol levels, allowing SREBP-2 cleavage and entry into the nucleus in response 
to low cholesterol.  However, high copper in the nucleus blocks activity of nuclear receptors, 
presumably through binding or oxidation. Impaired function of nuclear proteins is associated with a 
decrease in the mRNA levels for several enzymes, including HMG-CoA reductase (HMGCR) and 
HMG-CoA synthase, and low total cholesterol in the liver.  

Studies at the early stage of pathology development in Atp7b-/- mice (prior to the onset of 
visible morphologic changes in the liver) were particularly informative. The analysis of liver 
transcriptome revealed that copper accumulation is associated with distinct metabolic 
changes: upregulation of genes involved in cell cycle and chromosome maintenance and 
down-regulation of lipid metabolism, especially cholesterol biosynthesis (78, 79). The 
mRNA studies were complemented by the analysis of metabolites, which confirmed 
significant (30-40%) decrease of cholesterol in the liver, and the lower levels of VLDL 
cholesterol in the serum (79). These early changes in lipid metabolism are maintained 
throughout the course of the disease as indicated by the analysis of the mRNA levels and 
serum lipid profiles at the later stages of the disease (80). Follow-up studies revealed that 
the sterol metabolism in a brain of young Atp7b-/- mice was also dysregulated, with 
cholesterol, 8-dehydrocholesterol, desmosterol, 7-dehydrocholesterol, and lathosterol all 
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being highly increased (81, 82). It should be noted that the main cholesterol-sensing 
pathway that involves proteolysis and nuclear localization of SREBP2 transcription factor is 
not impaired in Atp7b-/- hepatocytes (79). 

These important observations necessitated further mechanistic studies. Such work has 
recently been done using systems biology approach and biochemical/biophysical 
measurements. Direct in situ imaging of copper using X-fluorescence revealed the non-
uniform distribution of accumulating copper in Atp7b-/- hepatocytes with a predominant 
increase in the cytosol and nuclei (80). Mass-spectrometry in combination with generation of 
protein networks provided strong evidence that accumulating copper had a significant and 
specific functional impact on Atp7b-/- nuclei, where it remodeled the RNA-processing 
machinery (83) and altered abundance and activity of nuclear receptors (84). Specifically, 
using quantitative Multidimensional Protein Identification Technology (MuDPIT), Wilmarth 
and colleagues found that the ligand-activated nuclear receptors FXR/NR1H4 and 
GR/NR3C1 were less abundant in nuclear preparations from Atp7b-/- liver, whereas the 
DNA repair machinery and the nucleus-localized glutathione peroxidase SelH were more 
abundant, consistent with the earlier transcriptome studies (79).  

These findings provide important mechanistic insights into a copper-dependent 
dysregulation of lipid metabolism (summarized in Figure 2). It seems that hepatic nuclei are 
the primary sites of action for elevated copper. In WD, the local copper concentration in the 
nuclei can increase up to 50-100 fold (80). Copper is a redox active metal, and such marked 
elevation is likely to alter the nuclear redox environment, as also suggested by the 
upregulation of nuclear glutathione peroxidase SelH. Oxidation of sensitive cysteine 
residues and/or competition between copper and zinc in zinc fingers (which are common 
structural features in nuclear proteins) are likely mechanisms that impair activity of nuclear 
factors, such as transcription factors and/or components of the RNA splicing machinery 
(Figure 2). Current data suggest that neither potential cysteine oxidation nor copper-zinc 
competition are wide spread (83) and that nuclear proteins regulating lipid metabolism are 
preferentially affected by elevated copper. Thus, further studies are needed to understand 
the molecular basis of this increased sensitivity to copper levels. 

The identification of FXR/LXR/RXR as important players in pathology development of WD 
(85) opens a new avenue for studies aimed on better understanding of the role of a diet 
(especially cholesterol and fat components) in the time-of-onset and severity of WD. It is 
important to emphasize that the effect of high copper on lipid metabolism is conserved 
between species, as evidenced by down-regulation of the same key enzymes in the lipid 
biosynthesis pathways in mice and human liver in response to copper overload (79). Recent 
studies of serum samples in the cohort of WD patient revealed differences in cholesterol 
metabolism that diminished with a copper-chelation therapy (82). These observations 
further supports high metabolic significance of copper:lipid interactions.  

A marked effect of elevated copper on lipid metabolism was also reported in Long-Evans 
Cinnamon (LEC) rat, another murine model of WD (86). Analysis of the liver and serum 
lipid profiles in these animals showed that copper overload was associated with a higher 
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content of triglycerides, free cholesterol and cholesteryl ester when compared to controls. 
The effect is actually opposite to that reported in Atp7b-/- mice. At present, the reason for 
this discrepancy is not clear. In LEC rat, liver disease is more severe compared to Atp7b-/- 
mice, invariably leading to animals death, which is not the case in mice. The mitochondrial 
function in these rats is more significantly affected (87), perhaps contributing to metabolic 
differences. Nevertheless, similarly to Atp7b-/- mice, the LEC serum is characterized by 
hypotriglyceridemia, hypocholesterolemia and abnormalities in the composition and size of 
circulating lipoproteins. Also similarly to Atp7b-/- and human liver, the activity of hepatic 3-
hydroxy-3-methylglutaryl coenzyme A reductase is reduced in LEC rats, along with other 
important enzyme involved in lipid biosynthesis (Figure 2) (86).  

4.3. Copper and NAFLD  

The earlier studies of copper misbalance were focused mostly on the effects of copper 
deficiency and resulting dyslipidemia on cardiovascular disease. The liver, however, is the 
central organ of copper homeostasis and, as discussed above, it is greatly affected in WD. It 
may also be functionally affected in copper deficiency (88). Caloric excess associated with 
the modern Western diet is implicated in NAFLD, however caloric excess does not 
compensate for copper deficiency. Furthermore, copper deficiency can still be experienced 
by the liver, even when serum copper levels are maintained or increased due to factors such 
as dietary cholesterol.  

Although numerous studies clearly link copper deficiency to altered lipid metabolism in 
animal models (12, 22, 24, 89-92) and human volunteers (29), only recently has low dietary 
copper been implicated in liver dyslipidemia pathology, including non-alcoholic fatty-liver 
disease (NAFLD) and non-alcoholic steatohepatitis (NASH). In a recent groundbreaking 
study, hepatic copper content in biopsy specimens was inversely correlated with the 
severity of fatty liver disease, and copper deficiency in a rodent model was found sufficient 
to induce NAFLD and metabolic syndrome (12). Hepatic iron accumulation, a known 
consequence of copper deficiency, is also observed in NAFLD (93). Iron accumulation likely 
results from the loss of holoceruloplasmin, a copper-dependent ferroxidase instrumental in 
iron distribution (94). This, in turn, results in lower levels of ferroportin in copper deficient 
rats; coincidentally, NAFLD patients show less ferroportin expression than controls (93). 
Copper supplementation has been suggested as a therapy for NAFLD based on study in 
which a diet-induced (high carbohydrate fat-free diet) NAFLD in rats was improved by 
treatment with a Cu(I)-nicotinate complex (95).  

Studies of NAFLD also reflect the intersection of copper deficiency, hepatic lipid metabolism 
and consumption of fructose as causative agents in NAFLD. High dietary sugars, 
particularly fructose, have been implicated in development of NAFLD and NASH (96, 97). 
As discussed above, there is evidence that dietary fructose contributes to copper 
deficiency (66, 69), indicating cross talk between these dietary factors. Sucrose and 
fructose may have similar effects, as the enzyme sucrase acts in the digestive system to 
convert the disaccharide sucrose into fructose and glucose for transport in the 
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residues and/or competition between copper and zinc in zinc fingers (which are common 
structural features in nuclear proteins) are likely mechanisms that impair activity of nuclear 
factors, such as transcription factors and/or components of the RNA splicing machinery 
(Figure 2). Current data suggest that neither potential cysteine oxidation nor copper-zinc 
competition are wide spread (83) and that nuclear proteins regulating lipid metabolism are 
preferentially affected by elevated copper. Thus, further studies are needed to understand 
the molecular basis of this increased sensitivity to copper levels. 

The identification of FXR/LXR/RXR as important players in pathology development of WD 
(85) opens a new avenue for studies aimed on better understanding of the role of a diet 
(especially cholesterol and fat components) in the time-of-onset and severity of WD. It is 
important to emphasize that the effect of high copper on lipid metabolism is conserved 
between species, as evidenced by down-regulation of the same key enzymes in the lipid 
biosynthesis pathways in mice and human liver in response to copper overload (79). Recent 
studies of serum samples in the cohort of WD patient revealed differences in cholesterol 
metabolism that diminished with a copper-chelation therapy (82). These observations 
further supports high metabolic significance of copper:lipid interactions.  

A marked effect of elevated copper on lipid metabolism was also reported in Long-Evans 
Cinnamon (LEC) rat, another murine model of WD (86). Analysis of the liver and serum 
lipid profiles in these animals showed that copper overload was associated with a higher 
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content of triglycerides, free cholesterol and cholesteryl ester when compared to controls. 
The effect is actually opposite to that reported in Atp7b-/- mice. At present, the reason for 
this discrepancy is not clear. In LEC rat, liver disease is more severe compared to Atp7b-/- 
mice, invariably leading to animals death, which is not the case in mice. The mitochondrial 
function in these rats is more significantly affected (87), perhaps contributing to metabolic 
differences. Nevertheless, similarly to Atp7b-/- mice, the LEC serum is characterized by 
hypotriglyceridemia, hypocholesterolemia and abnormalities in the composition and size of 
circulating lipoproteins. Also similarly to Atp7b-/- and human liver, the activity of hepatic 3-
hydroxy-3-methylglutaryl coenzyme A reductase is reduced in LEC rats, along with other 
important enzyme involved in lipid biosynthesis (Figure 2) (86).  

4.3. Copper and NAFLD  

The earlier studies of copper misbalance were focused mostly on the effects of copper 
deficiency and resulting dyslipidemia on cardiovascular disease. The liver, however, is the 
central organ of copper homeostasis and, as discussed above, it is greatly affected in WD. It 
may also be functionally affected in copper deficiency (88). Caloric excess associated with 
the modern Western diet is implicated in NAFLD, however caloric excess does not 
compensate for copper deficiency. Furthermore, copper deficiency can still be experienced 
by the liver, even when serum copper levels are maintained or increased due to factors such 
as dietary cholesterol.  

Although numerous studies clearly link copper deficiency to altered lipid metabolism in 
animal models (12, 22, 24, 89-92) and human volunteers (29), only recently has low dietary 
copper been implicated in liver dyslipidemia pathology, including non-alcoholic fatty-liver 
disease (NAFLD) and non-alcoholic steatohepatitis (NASH). In a recent groundbreaking 
study, hepatic copper content in biopsy specimens was inversely correlated with the 
severity of fatty liver disease, and copper deficiency in a rodent model was found sufficient 
to induce NAFLD and metabolic syndrome (12). Hepatic iron accumulation, a known 
consequence of copper deficiency, is also observed in NAFLD (93). Iron accumulation likely 
results from the loss of holoceruloplasmin, a copper-dependent ferroxidase instrumental in 
iron distribution (94). This, in turn, results in lower levels of ferroportin in copper deficient 
rats; coincidentally, NAFLD patients show less ferroportin expression than controls (93). 
Copper supplementation has been suggested as a therapy for NAFLD based on study in 
which a diet-induced (high carbohydrate fat-free diet) NAFLD in rats was improved by 
treatment with a Cu(I)-nicotinate complex (95).  

Studies of NAFLD also reflect the intersection of copper deficiency, hepatic lipid metabolism 
and consumption of fructose as causative agents in NAFLD. High dietary sugars, 
particularly fructose, have been implicated in development of NAFLD and NASH (96, 97). 
As discussed above, there is evidence that dietary fructose contributes to copper 
deficiency (66, 69), indicating cross talk between these dietary factors. Sucrose and 
fructose may have similar effects, as the enzyme sucrase acts in the digestive system to 
convert the disaccharide sucrose into fructose and glucose for transport in the 
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bloodstream. High dietary fructose results in decreased CuZnSOD expression (98), 
lowering resistance of oxidative damage. A diet of 60% fructose affects lipid metabolism 
as well as antioxidant status, including CuZnSOD, in the liver of rats after 13 weeks of 
treatment (68). It is clear these high fructose diets induce NAFLD in rodent models, 
however these diets are typically 60-70% fructose and may not accurately reflect human 
fructose consumption (for review see (99)).  

It is proposed that fructose metabolism induces oxidative stress, and this may trigger 
NAFLD. A copper-fructose feeding study indicated that lipid peroxidation due to copper 
deficiency and a 62% fructose diet could be reduced by supplementing vitamin E to 1 g/kg, 
however copper deficiency remained, indicating that copper deficiency with fructose 
feeding may not be entirely a result of oxidative stress (100). Nevertheless, hepatic lipid 
peroxidation is enhanced significantly in copper deficiency with fructose feeding, 
supporting the role for oxidative stress in liver disease through the impairment of hepatic 
antioxidant systems (66).  

Tissue Increase Decrease Other observation 

Erythrocytes 

cholesterol, 
phospholipid, 

stearic acid, 
docosadienoic acid 
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mebmbrane protein ratio, 
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secretion, fatty acid 
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apoE-free HDL binding; 
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apolipoprotein 
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Table 1. Tissue-specific effects of copper deficiency on lipid metabolism 
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5. Conclusions 

Copper deficiency and copper overload have multiple and significant effects on systemic 
and cellular lipid metabolism. Recent studies indicate that copper misbalance is an emerging 
factor in dyslipidemia and/or fatty-liver disease. In turn, lipid metabolism could be an 
important modifier of the time-of-onset and severity in Wilson’s disease. Work over several 
decades has yielded physiological and biochemical data on the consequences of copper 
deficiency, particularly with respect to lipid metabolism, in rodent models. Understanding 
of human disease would greatly benefit from further analysis of copper levels and lipid 
profiles in human clinical specimens, as well as assessment of the influence of other 
nutrients at the molecular level. Animal models will remain important. As much as has 
already been learned, further mechanistic studies are bound to yield molecular level 
understanding of the important copper:lipid relationship. It is still not clear how copper 
deficiency alters gene expression and protein expression/function to produce observed 
pathologies. Transcript profiling, proteomic analysis, and metabolite profiling, in both data-
driven and targeted formats, promise to provide more mechanistic details in animal models 
that can be tested in human pathology. 
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as well as antioxidant status, including CuZnSOD, in the liver of rats after 13 weeks of 
treatment (68). It is clear these high fructose diets induce NAFLD in rodent models, 
however these diets are typically 60-70% fructose and may not accurately reflect human 
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It is proposed that fructose metabolism induces oxidative stress, and this may trigger 
NAFLD. A copper-fructose feeding study indicated that lipid peroxidation due to copper 
deficiency and a 62% fructose diet could be reduced by supplementing vitamin E to 1 g/kg, 
however copper deficiency remained, indicating that copper deficiency with fructose 
feeding may not be entirely a result of oxidative stress (100). Nevertheless, hepatic lipid 
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supporting the role for oxidative stress in liver disease through the impairment of hepatic 
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1. Introduction 

Regulation of nutrient balance by the liver is important to ensure whole body metabolic 
control. Hepatic expression of genes involved in lipid and glucose metabolism is tightly 
regulated in response to nutritional cues, such as glucose and insulin. In response to dietary 
carbohydrates, the liver converts excess glucose into fat for storage through de novo 
lipogenesis. The liver X receptors (LXRα and LXRβ) are important transcriptional regulators 
of this process. LXRs are classically known as oxysterol sensing nuclear receptors that 
heterodimerize with the retinoic X receptor (RXR) family and activate transcription of 
nutrient sensing transcription factors such as sterol regulatory element-binding protein 1c 
(SREBP1c) (Repa et al., 2000; Yoshikawa et al., 2002; Liang et al., 2002) and carbohydrate 
response element-binding protein (ChREBP) (Cha & Repa, 2007). LXR also induces the 
transcription of the lipogenic enzyme genes fatty acid synthase (FAS), stearoyl-Coenzyme A 
desaturase (SCD1) and Acetyl CoA carboxylase (ACC), alone or in concert with SREBP1c 
and/or ChREBP (Chu et al., 2006; Joseph et al., 2002; Talukdar & Hillgartner, 2006). LXR 
activate transcription of hepatic lipogenic genes in response to feeding, which is believed to 
be mediated by insulin (Tobin et al., 2002). The mechanisms by which insulin activates LXR-
mediated gene expression is not clearly understood, but may involve production of 
endogenous ligand for LXRs and/or act by signal transduction mechanisms downstream of 
the insulin receptor (IR). Both glucose and insulin regulate de novo lipogenesis, however, 
some lipogenic genes can be regulated by glucose without the need of insulin which has 
been shown for SREBP1c (Hasty et al., 2000; Matsuzaka et al., 2004). A well known glucose-
mediator in liver is ChREBP, an important regulator of de novo lipogenesis in response to 
glucose (Yamashita et al., 2001). ChREBP is activated by glucose via hexose- and pentose-
phosphate-dependent mechanisms involving dephosphorylation of ChREBP and 
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1. Introduction 

Regulation of nutrient balance by the liver is important to ensure whole body metabolic 
control. Hepatic expression of genes involved in lipid and glucose metabolism is tightly 
regulated in response to nutritional cues, such as glucose and insulin. In response to dietary 
carbohydrates, the liver converts excess glucose into fat for storage through de novo 
lipogenesis. The liver X receptors (LXRα and LXRβ) are important transcriptional regulators 
of this process. LXRs are classically known as oxysterol sensing nuclear receptors that 
heterodimerize with the retinoic X receptor (RXR) family and activate transcription of 
nutrient sensing transcription factors such as sterol regulatory element-binding protein 1c 
(SREBP1c) (Repa et al., 2000; Yoshikawa et al., 2002; Liang et al., 2002) and carbohydrate 
response element-binding protein (ChREBP) (Cha & Repa, 2007). LXR also induces the 
transcription of the lipogenic enzyme genes fatty acid synthase (FAS), stearoyl-Coenzyme A 
desaturase (SCD1) and Acetyl CoA carboxylase (ACC), alone or in concert with SREBP1c 
and/or ChREBP (Chu et al., 2006; Joseph et al., 2002; Talukdar & Hillgartner, 2006). LXR 
activate transcription of hepatic lipogenic genes in response to feeding, which is believed to 
be mediated by insulin (Tobin et al., 2002). The mechanisms by which insulin activates LXR-
mediated gene expression is not clearly understood, but may involve production of 
endogenous ligand for LXRs and/or act by signal transduction mechanisms downstream of 
the insulin receptor (IR). Both glucose and insulin regulate de novo lipogenesis, however, 
some lipogenic genes can be regulated by glucose without the need of insulin which has 
been shown for SREBP1c (Hasty et al., 2000; Matsuzaka et al., 2004). A well known glucose-
mediator in liver is ChREBP, an important regulator of de novo lipogenesis in response to 
glucose (Yamashita et al., 2001). ChREBP is activated by glucose via hexose- and pentose-
phosphate-dependent mechanisms involving dephosphorylation of ChREBP and 
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translocation to the nucleus (Havula & Hietakangas, 2012). Interestingly, both LXR and 
ChREBP were recently shown to be post-translationally modified by O-linked -N-
acetylglucosamine (O-GlcNAc) in response to glucose potentiating their lipogenic 
capacity (Anthonisen et al., 2010; Guinez et al., 2011). Glucose flux through the 
hexosamine signaling pathway generates UDP-N-acetyl-glucosamine (UDP-GlcNAc), a 
substrate for O-GlcNAc modification of nucleocytoplasmic proteins by the enzyme O-
GlcNAc transferase (OGT). We have shown that O-GlcNAcylation of LXR is increased in 
mouse livers in response to feeding and in livers from hyperglycemic diabetic mice 
potentiating SREBP1c expression (Anthonisen et al., 2010). Furthermore, preliminary 
studies in our laboratory indicate that LXR potentiate ChREBP activity under 
hyperglycemic conditions establishing a link between glucose metabolism, LXR and 
ChREBP. These observations suggest that LXR, SREBP1c and ChREBP contribute to 
converting carbohydrates into fat in a cooperative manner in response to high circulating 
glucose levels and that O-GlcNAc signaling plays a role in this process. As O-GlcNAc 
cycling appear to be essential for proper insulin signaling and the sensitivity of OGT to 
glucose increases with decreasing insulin signaling (Mondoux et al., 2011; Hanover et al., 
2010) the relative roles of LXR, SREBP1c and ChREBP in regulating de novo lipogenesis in 
response to feeding and modification by O-GlcNAc signaling under insulin sensitive and 
insulin resistant conditions will be discussed.  

2. Liver X Receptors (LXR) 

2.1. LXR structure and function 

LXR(NR1H3) and LXR (NR1H2) are ligand-activated transcription factors belonging to 
the nuclear receptor (NR) superfamily (Lehmann JM (Lehmann et al., 1997; Willy et al., 1995; 
Janowski et al., 1996). LXR is primarily expressed in metabolically active tissues, such as 
liver, intestine, adipose tissue, kidney and macrophages, whereas LXR is ubiquitously 
expressed (Apfel et al., 1994; Teboul et al., 1995; Teboul et al., 1995). LXRs are intracellular 
sensors of cholesterol and oxidized cholesterol derivatives (oxysterols) have been identified 
as their endogenous ligands (Janowski et al., 1996; Lehmann et al., 1997). The two isotypes 
originates from two different genes on separate chromosomes, but share the same modular 
structure, which is characteristic of most NRs (Fig. 1). 

 
Figure 1. Structure of the LXRs 
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The DNA-binding domain (DBD) and the ligand binding domain (LBD) are highly 
structured domains. LXRα and LXRβ share 78 % amino acid sequence identity in these 
regions, while the N-terminal domain (NTD) and the hinge domain are far more disordered 
and less conserved. DNA binding requires dimerization with RXR. Transactivation by the 
LXRs is mediated through the ligand independent activation function (AF1) in NTD and the 
ligand dependent activation function 2 (AF2) in the LBD. Binding of a ligand to the 
hydrophobic ligand binding pocket leads to a conformational change that releases 
corepressors (CR) and exposes binding sites for coactivators (CA), recruiting the general 
transcription machinery and RNA polymerase II (RNA Pol II) (Fig. 2). This leads to changes 
in LXR dependent gene expression. The interactions with coregulators can also occur 
independently of ligand to AF1, however this is far less characterized. Upon activation, 
LXRs regulate a number of genes involved in lipid, cholesterol and glucose metabolism by 
binding to LXR response elements (LXREs) in their promoter region. These consist of a 
direct repeat of the nucleotide hexamer AGGTCA spaced by four nucleotides. Insights into 
LXR function in metabolism was provided by the generation of LXR mutant mice. These 
mice accumulate hepatic cholesterol, ultimately causing liver dysfunction (Peet et al., 1998; 
Ulven et al., 2005). It was found that LXRcontrols cholesterol metabolism by conversion of 
cholesterol to bile acid by induction of the cholesterol 7 alpha-hydroxylase (Cyp7A1) gene, 
biliary cholesterol excretion and cholesterol efflux via induction of ABCG5/8 and 
ABCA1/ABCG1, respectively (Lehmann et al., 1997; Chiang et al., 2001; Yu et al., 2003; Repa 
et al., 2002; Graf et al., 2002; Costet et al., 2000; Sabol et al., 2005; Venkateswaran et al., 2000; 
Venkateswaran et al., 2000). LXRs are strongly implicated in the development of metabolic 
disorders and associated pathologies, notably, hyperlipidemia and atherosclerosis (Peet et 
al., 1998; Calkin & Tontonoz, 2010). Thus, LXRs are key players in maintaining metabolic 
homeostasis in health and disease by regulating inflammation and lipid/carbohydrate 
metabolism. 

 
Figure 2. Activation of LXR by coregulator switching 

2.2. Modulation of LXR activity by coregulators and PTMs 

The transcriptional activity of LXRs is highly dependent on the presence of coregulators which 
has been linked to several metabolic processes (Jakobsson et al., 2009; Kim et al., 2003; 
Huuskonen et al., 2004; Kim et al., 2008; Oberkofler et al., 2003). Coregulators constitutes large 
multisubunit protein complexes containing chromatin-remodelling and/or –modifying 
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enzymes with intrinsic histone acetylase (HAT)/ deacetylase (HDAC) and histone methylase 
(HMT)/demethylase (HDM) activities, depending on whether they act as activators or 
repressors, respectively (Kato et al., 2011). It has been assumed that that the unliganded LXRs 
are localized in the nucleus and interact with CRs, including nuclear receptor 
corepressor/silencing mediator of retinoic acid and thyroid receptor (NcoR/SMRT) (Wagner et 
al., 2003). However, recent chromatin immunoprecipitation (ChIP) studies, including ChIP-
sequencing (ChIP-Seq), have challenged this classical model. These studies put forward a more 
complex view, that ligands, pioneer factors, coregulators and posttranslational modifications 
(PTMs) play different roles in determining the LXR binding sites and actions in vivo (Boergesen 
et al., 2012; Heinz et al., 2010; Pehkonen et al., 2012). Furthermore, some coregulators have 
been shown to act as dual function activators/repressors, such as the coregulator protein 
receptor interacting protein 140 (RIP140). RIP140 has been shown to serve as a CA for LXR in 
lipogenesis but as a CR in gluconeogenesis independent of ligand activation (Herzog et al., 
2007). General mechanisms of coregulator actions are assumed to be conserved between LXRs, 
but based on the low amino acid sequence identity in the NTD (32%) and the hinge domain 
(25%) it is possible that they contain novel isotype specific interaction surfaces. Also, the 
specific coregulator requirement to lipogenic LXR target genes in response to different feeding 
regiments under normal and diabetic conditions remain largely unexplored. In addition to 
ligand binding, LXRs can be posttranslationally modified by phosphorylation, acetylation, and 
sumoylation, affecting their target gene specificity, stability, and transactivating and 
transrepressional activity, respectively (Li et al., 2007; Ghisletti et al., 2007; Chen et al., 2006; 
Yamamoto et al., 2007). We have recently shown that LXR can be modified by O-
GlcNAcylation in response to glucose (see section 4.3), increasing its transactivation of the 
SREBP1c promoter (Anthonisen et al., 2010). PTMs may alter the structural conformation of 
LXR thereby modifying the affinity of coregulators that determines whether a target gene is 
induced or suppressed. Modulation by PTMs can occur both in the absence and presence of 
natural ligand tuning LXR activities in a cell- and gene-specific manner (Rosenfeld et al., 2006) 
depending on the nutritional stimuli.  

3. LXR in hepatic de novo lipogenesis 

3.1. LXR lipogenic target genes 

In addition to being central regulators of cholesterol metabolism, the LXRs are involved in 
induction of fatty acid and triglyceride (TG) biosynthesis in response to feeding. De novo 
lipogenesis ensures that excess acetyl-CoA, which is an intermediate product of glucose 
metabolism, is converted into fats and subsequent TGs. LXRs are involved in hepatic 
lipogenesis through direct regulation of SREBP1c and ChREBP expression (Repa et al., 2000; 
Cha & Repa, 2007; Shimano, 2001). SREBP1c is a well described transcriptional regulator of 
hepatic lipogenesis (Shimano, 2001), and together with LXR and glucose-regulated ChREBP 
(see section 4.1), it controls expression of essential enzymes in lipogenesis, lipid storage and 
secretion (Fig. 3). SREBP1c deficiency does not fully abolish the expression of genes involved 
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Figure 3. Regulation of hepatic lipogenesis by LXR, SREBP1c and ChREBP. 

in hepatic lipogenesis. SREBP1c null mice treated with an LXR agonist results in induction 
of a subset of lipogenic genes and a modest increase in fatty acid synthesis (Liang et al., 
2002), which implies that LXR can act independently of SREBP1c. In particular, the SCD1 
gene is directly regulated by LXR in response to synthetic ligands, also in the absence of 
SREBP1c (Chu et al., 2006). SCD1 is central in desaturation of saturated fatty acyl-CoAs 
important for formation of cholesterol esters (CEs) and TGs. Thus, specific LXR-mediated 
regulation of SCD1 can be explained by the essential role of LXR in limiting toxic free 
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Figure 3. Regulation of hepatic lipogenesis by LXR, SREBP1c and ChREBP. 
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cholesterol in response to diets rich in cholesterol and saturated fat. The expression of LXR 
in liver is rapidly upregulated by insulin in vivo, increasing mRNA expression of SREBP1c, 
malic enzyme (ME), ACC and FAS. Furthermore, expression of these lipogenic genes was 
abolished in insulin-injected LXR/ double knock out mice (Tobin et al., 2002), indicating 
an essential role for LXR in insulin-mediated regulation of hepatic lipogenesis. The 
mechanisms by which insulin activate LXR-mediated gene expression is not clearly 
understood, but may involve production of endogenous ligand for LXRα/β (Chen et al., 
2004) and/or by signal transduction mechanisms downstream of the IR affecting CA 
recruitment to LXRs and/or PTMs of LXRs. This will be discussed in more detail below. Of 
note, PKA-induced phosphorylation of LXR has been shown to inhibit the expression of 
SREBP1c in liver from mice via reduced DNA binding and CA recruitment (Yamamoto et 
al., 2007). Since glucagon/cAMP/PKA signaling may, at least in part, explain down-
regulation of SREBP1c expression in response to fasting, it is likely that PKA-mediated 
phosphorylation of LXR contributes to the fasting signal on SREBP1c.  

3.2. Putative mechanisms regulating LXR-mediated de novo lipogenesis in 
response to insulin 

Insulin is the most important anabolic hormone in the body, regulating many processes 
important for cellular growth and energy storage such as glucose uptake and metabolism, 
glycogen and lipid synthesis, gene transcription and translation. A classic action of insulin is 
to mediate a metabolic switch from fatty acid oxidation to synthesis and suppress hepatic 
glycogenolysis and gluconeogenesis in response to carbohydrate excess, a process that is 
largely regulated at the transcriptional level. In this way, hepatic insulin signaling maintains 
whole body energy homeostasis. In the insulin-resistant state, only the ability of insulin to 
suppress hepatic gluconeogenesis is lost, while its ability to activate lipogenesis is retained 
(Shimomura et al., 2000; Matsumoto et al., 2006; Brown & Goldstein, 2008). This bifurcated 
insulin resistance can be explained by failure of insulin to inhibit the gluconeogenic 
transcription factor Forkhead box protein O1 (FoxO1), but maintaining signaling to 
lipogenic transcriptional regulators including LXR and SREBP1c. 

3.2.1. The insulin signaling cascade 

The insulin signaling cascade is initiated by the binding of insulin to the extracellular -
subunits of the dimerized IR followed by autophosphorylation on several intracellular 
tyrosine residues on the IR. Insulin receptor substrate (IRS) is an essential protein docking 
onto the phosphorylated IR which in turn is phosphorylated itself on multiple tyrosine 
residues. This creates docking sites for src homology 2 (SH2) domain containing proteins. 
The best studied SH2 protein that binds to tyrosine phosphorylated IRS proteins is the 
regulatory subunit of the phosphoinositide 3-kinase (PI3K). PI3K catalyzes the formation of 
the lipid second messenger phosphatidylinositol (3,4,5) trisphosphate (PIP3), which is 
necessary to recruit downstream kinases. PIP3 generates a binding site for proteins 
containing Pleckstrin homology (PH) domains, such as 3’-phosphoinositide-dependent 
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protein kinase (PDK1), the serine/threonine kinase Akt/protein kinase B and possibly also 
mammalian target of rapamycin complex 2 (mTORC2). PDK and mTORC2 are both 
necessary for full activation of Akt downstream of the insulin receptor via PDK1-mediated 
phosphorylation of Akt on threonine 308 and mTORC2-mediated phosphorylation on serine 
472 (Saltiel & Kahn, 2001; White, 2003; Jacinto et al., 2006). All these events occur transiently 
in specific cholesterol rich plasma membrane microdomains called caveolae, generating a 
specific signaling unit for proper downstream insulin signaling where Akt plays a central 
role.  

3.2.2. Regulation by mTOR 

One of the targets of Akt is mTORC1 (Zoncu et al., 2011). Recent evidence suggests that 
mTORC1 is involved in LXR-mediated lipogenic gene transcription including induction of 
SREBP1c, FAS and ACC in liver from mice subjected to a high fat diet (Hwahng et al., 2009). 
The authors show that the mechanism by which mTORC1 activates LXR is via p70 S6 kinase 
(S6K)-mediated phosphorylation of LXR. Conversely, in the fasted state, LXR was shown to 
be inhibited by AMPK-mediated phosphorylation. In agreement with these observations, Li 
et al (Li et al., 2010) showed that insulin-activated hepatic transcription of SREBP1c, FAS 
and SCD1 is mediated by mTORC1, however independent of S6K. As both LXR and 
SREBP1c induce lipogenic promoters in response to insulin, this might suggest that 
activation of LXR in response to insulin/nutrients is mediated, at least in part, by mTORC1 
and S6K, whereas insulin-signaling to SREBP1c requires mTORC2 independently of S6K, 
possibly via Akt-mediated inhibition of glycogen synthase kinase-3 (GSK3) (Hagiwara et al., 
2012). In this way, GSK3-mediated phosphorylation and degradation of SREBP1c is 
prevented by insulin signaling to mTORC2 and Akt. Of note, insulin has primarily been 
shown to act on the SREBP1c promoter by activating LXRs and not SREBP1c (Chen et al., 
2004) and the effect of insulin on SREBP1c is mainly at the posttranslational level. In a recent 
publication, mTORC1 was shown to phosphorylate a phosphatidic acid phosphatase, Lipin 
1, preventing its nuclear entry and subsequent inhibition of SREBP1c-mediated activation of 
the FAS promoter (Peterson et al., 2011). Furthermore, Yecies JL et al (Yecies et al., 2011) 
showed that Akt2 independently of mTORC1 downregulate the mRNA expression of 
insulin induced gene 2 (Insig2a), an inhibitor of SREBP1c. This finding has been debated by 
Wan M et al (Wan et al., 2011), who could not observe any downregulation of Insig2a by 
Akt2. They postulate that Akt2 acts independently of mTORC1 and SREBP1c, possibly via 
posttranslational mechanisms, and that nutrients have a direct role in the liver to promote 
lipogenesis by a process dependent on both mTORC1 and other insulin-dependent signaling 
pathways. In light of the above mentioned studies, both mTORC1 and mTORC2 (Soukas et 
al., 2009; Guertin et al., 2006; Lamming et al., 2012; Hagiwara et al., 2012) appear to play 
important roles in lipid synthesis and storage in hepatocytes. Further studies will reveal the 
relative roles of Akt1, Akt2, mTORC1/C2 and S6kinase on activation of LXR and SREBP1c in 
this regulation under insulin sensitive and insulin resistant conditions and cross-talk with 
glucose metabolism and signaling (Fig.4). 
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protein kinase (PDK1), the serine/threonine kinase Akt/protein kinase B and possibly also 
mammalian target of rapamycin complex 2 (mTORC2). PDK and mTORC2 are both 
necessary for full activation of Akt downstream of the insulin receptor via PDK1-mediated 
phosphorylation of Akt on threonine 308 and mTORC2-mediated phosphorylation on serine 
472 (Saltiel & Kahn, 2001; White, 2003; Jacinto et al., 2006). All these events occur transiently 
in specific cholesterol rich plasma membrane microdomains called caveolae, generating a 
specific signaling unit for proper downstream insulin signaling where Akt plays a central 
role.  
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(S6K)-mediated phosphorylation of LXR. Conversely, in the fasted state, LXR was shown to 
be inhibited by AMPK-mediated phosphorylation. In agreement with these observations, Li 
et al (Li et al., 2010) showed that insulin-activated hepatic transcription of SREBP1c, FAS 
and SCD1 is mediated by mTORC1, however independent of S6K. As both LXR and 
SREBP1c induce lipogenic promoters in response to insulin, this might suggest that 
activation of LXR in response to insulin/nutrients is mediated, at least in part, by mTORC1 
and S6K, whereas insulin-signaling to SREBP1c requires mTORC2 independently of S6K, 
possibly via Akt-mediated inhibition of glycogen synthase kinase-3 (GSK3) (Hagiwara et al., 
2012). In this way, GSK3-mediated phosphorylation and degradation of SREBP1c is 
prevented by insulin signaling to mTORC2 and Akt. Of note, insulin has primarily been 
shown to act on the SREBP1c promoter by activating LXRs and not SREBP1c (Chen et al., 
2004) and the effect of insulin on SREBP1c is mainly at the posttranslational level. In a recent 
publication, mTORC1 was shown to phosphorylate a phosphatidic acid phosphatase, Lipin 
1, preventing its nuclear entry and subsequent inhibition of SREBP1c-mediated activation of 
the FAS promoter (Peterson et al., 2011). Furthermore, Yecies JL et al (Yecies et al., 2011) 
showed that Akt2 independently of mTORC1 downregulate the mRNA expression of 
insulin induced gene 2 (Insig2a), an inhibitor of SREBP1c. This finding has been debated by 
Wan M et al (Wan et al., 2011), who could not observe any downregulation of Insig2a by 
Akt2. They postulate that Akt2 acts independently of mTORC1 and SREBP1c, possibly via 
posttranslational mechanisms, and that nutrients have a direct role in the liver to promote 
lipogenesis by a process dependent on both mTORC1 and other insulin-dependent signaling 
pathways. In light of the above mentioned studies, both mTORC1 and mTORC2 (Soukas et 
al., 2009; Guertin et al., 2006; Lamming et al., 2012; Hagiwara et al., 2012) appear to play 
important roles in lipid synthesis and storage in hepatocytes. Further studies will reveal the 
relative roles of Akt1, Akt2, mTORC1/C2 and S6kinase on activation of LXR and SREBP1c in 
this regulation under insulin sensitive and insulin resistant conditions and cross-talk with 
glucose metabolism and signaling (Fig.4). 
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3.2.3. Regulation by FoxO1  

Another mechanism by which insulin may promote LXR-mediated SREBP1c transcription is 
through the transcription factor FoxO1. FoxO1, generally known as an activator of 
gluconeogenic genes during fasting, can repress the transactivating ability of LXR and 
cooperating transcription factors SREBP1c and Specificity protein 1 (Sp1) to activate 
SREBP1c transcription during fasting (Liu et al., 2010; Deng et al., 2012). FoxO1 does not 
seem to bind directly to the SREBP1c promoter, but appears to act as a repressor through 
protein-protein interactions, possibly by recruiting CR proteins (Deng et al., 2012). Upon 
feeding, FoxO1 is inhibited by insulin via PI3-kinase activation and phosphorylation by Akt, 
which excludes phosphorylated FoxO1 from the nucleus via association with the 14-3-3 
protein (reviewed in (Tzivion et al., 2011)). In this way, at least under insulin sensitive 
conditions, inhibition mediated by FoxO1 and associating CRs is relieved, enabling LXR, 
Sp1 and SREBP1c to activate the SREBP1c promoter in a cooperative fashion. Of note, an 
important role for the E-box transcription factor Upstream Stimulatory Factor (USF) in 
mediating insulin activation of the SREBP1c promoter has also been reported (Wong & Sul, 
2010). The relative roles of LXR, SREBP1c and cooperating transcription factors in regulation 
of the SREBP1c promoter after high-carbohydrate feeding under normal and insulin 
resistant conditions and the role of FoxO1 in this process in insulin resistance is currently 
not known. Recently, the role of Akt as a central regulator of both gluconeogenesis, through 
inhibition of FoxO1, and lipogenesis, through activation of mTORC1/2 in hepatic insulin 
signaling, was debated as the insulin resistant phenotype of mice lacking hepatic Akt1/2 
were normalized in mice with concomitant liver-specific deletion of FoxO1 (Lu et al., 2012). 
This work suggests that a major role for Akt as a metabolic regulator in response to insulin 
is largely to restrain FoxO1 activity, at least for suppression of liver glucose output. 

3.2.4. Regulation by insulin-mediated oxysterol production 

Considering the bifurcated nature of insulin resistance and the postulated central role of Akt 
in this process, a very recent work by Wu and Williams (Wu & Williams, 2012), put forward 
an interesting theory. They suggest that disturbance of a single molecule, NAD(P)H oxidase 
4 (NOX4), is sufficient to induce the key harmful features of insulin resistance. NOX4 is 
activated upon IR activation, generating a transient burst of superoxide (O2-) and its 
byproduct H2O2. This enhances signal transduction by disabling enzymes in the protein-
tyrosine phosphatase gene family. In this way, essential inhibiting enzymes in the insulin 
signaling cascade is blocked, notably the PI3K inhibitor PTEN and protein-tyrosine 
phosphatase-1B (PTP1B) (Wu & Williams, 2012). Intriguingly, NOX4 may also be the link 
between insulin signaling and production of oxysterol ligand for LXR, as NOX4 through its 
superoxide producing activity may mediate the production of oxygenated cholesterol. The 
evidence for this is that pharmacological inhibition of NOX4 blocked insulin-induction of 
SREBP1c mRNA in rat primary hepatocytes, even though phosphorylations upstream and 
downstream of mTORC1 remained responsive (Wu & Williams, 2012). Furthermore, NOX4 
is transiently localized to caveolae (Han et al., 2012), possibly via recruitment to the IR, 
placing the enzyme in close proximity to cholesterol-rich areas of the plasma membrane. A 
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complete summary of putative mechanisms of insulin-mediated signaling to LXR, SREBP1c 
and lipogenesis is depicted in Fig. 4. 
 

 
Figure 4. Insulin-mediated regulation of hepatic lipogenesis 
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complete summary of putative mechanisms of insulin-mediated signaling to LXR, SREBP1c 
and lipogenesis is depicted in Fig. 4. 
 

 
Figure 4. Insulin-mediated regulation of hepatic lipogenesis 



 
Lipid Metabolism  70 

4. Lipogenic gene expression in response to glucose metabolism  

Hepatic glucose metabolism activates the transcription of various genes encoding enzymes 
of glycolysis and lipogenesis independently of insulin. However, the initial modification of 
glucose into Glucose-6-phosphate (G6P) by the enzyme Glucokinase (GK; Hexokinase 4) 
required for transcriptional regulation by glucose is highly dependent on insulin (Bosco et 
al., 2000), possibly via SREBP1c (Foretz et al., 1999; Kim et al., 2004) in concert with LXR and 
Peroxisome Proliferator-Activated Receptor gamma (PPAR) (Kim et al., 2009). Thus the 
actions of glucose and insulin may be considered interdependent and that regulation of 
gene expression in response to glucose seems to require active LXR, SREBP1c and/or PPAR.  

4.1. Glucose regulation via ChREBP  

A majority of hepatic glucose-responsive genes is thought to be regulated by the 
transcription factor ChREBP (Yamashita et al., 2001; Ishii et al., 2004). ChREBP mediates 
transcriptional regulation of glycolytic and lipogenic enzymes and is particularly important 
for the induction of liver-pyruvate kinase (L-PK), one of the rate limiting enzymes of 
glycolysis, which is exclusively dependent on glucose (Matsuda et al., 1990; Dentin et al., 
2004). Furthermore, ChREBP is involved in regulating ACC and FAS in concert with LXR 
and SREBP1c in response to glucose and insulin, respectively, suggesting its involvement of 
the conversion of carbohydrates into fat (Joseph et al., 2002; Talukdar & Hillgartner, 2006). 
Moreover, stimulation by a synthetic LXR ligand, induces hepatic expression and activity of 
ChREBP (Cha & Repa, 2007). However, ChREBP is apparently not dependent on LXR for its 
hepatic expression and activity in mice fed a high carbohydrate/high fat diet (Denechaud et 
al., 2008), suggesting that ChREBP activity is reinforced by upstream LXR under certain 
nutritional conditions. At low glucose concentrations, the ChREBP protein is retained as an 
inactive phosphoprotein in the cytoplasm (reviewed in (Havula & Hietakangas, 2012)). The 
mechanisms by which glucose activate ChREBP is not clear, but involves induction of the 
ChREBP mRNA, dephosphorylation of the protein, shuttling to the nucleus and binding to 
the ChREBP response element at the promoter of its target genes (Uyeda & Repa, 2006). 
Early studies pointed to xylose 5-phosphate (Xu5P), an intermediate of the pentose 
phosphate pathway (PPP), as an activating signal through its ability to activate protein 
phosphatase 2A (PP2A) and subsequent dephosphorylation of ChREBP (Havula & 
Hietakangas, 2012). Recently, ChREBP was shown to be activated by fructose 2,6-
biphosphate (F2,6BP) in hepatocytes (Arden et al., 2012). The level of F2,6BP is regulated by 
the bifunctional enzyme 6-phosphofructokinase-2-kinase/fructose-2,6-biphosphatase 
(PFK2/FBP2). Thus, PFK2 catalyzes the synthesis and degradation of F2,6BP and as a result, 
the enzyme is involved in both glycolysis and gluconeogenesis. In the fed state, insulin and 
carbohydrates dephosphorylate PFK2 in the liver making the enzyme kinase dominant. 
Subsequently, F6P is converted to F2,6BP that activates PFK1, which in turn stimulates 
glycolysis (Fig. 6). Interestingly, LXR was recently shown to be a central regulator of hepatic 
PFK2 mRNA expression (Zhao et al., 2012). Activation of ChREBP in response to glucose 
appears to depend on multiple glucose metabolites, including G6P, X5P and F2,6BP. As LXR 
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is involved in regulation GK- and PFK2-expression in response to insulin, this may suggest 
that ChREBP is dependent on insulin signaling via LXR for proper substrate availability.  

4.2. Glucose metabolism via the hexosamine biosynthetic pathway and O-
GlcNAc signaling 

Glucose metabolism from F6P can follow the alternative hexosamine biosynthetic pathway 
(HBP) where the enzyme glutamine fructose-6-phosphate amidotransferase (GFAT) controls 
the first and rate limiting step (Fig. 5).  

 
Figure 5. Nutrient flux and O-GlcNAc modification of nucleocytoplasmatic proteins through the HBP 

The end product of this pathway is Uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc), an essential building block for N-and O-linked glycosylation of proteins and 
lipids. Cytoplasmic and nuclear proteins can be dynamically modified by O-linked -N-
acetylglucosamine (O-GlcNAc) on serine and threonine residues by the enzyme O-GlcNAc 
transferase (OGT) using UDP-GlcNAc as substrate. OGT is an essential enzyme as targeted 
deletion of this gene is lethal (Shafi et al., 2000). The enzyme O-GlcNAc transferase (OGA) 
hydrolyses the sugar analogous to protein dephosphorylation of phosphorylated proteins 
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by phosphatases (Hart et al., 2007; Love, 2005). Because O-GlcNAc levels on proteins appear 
to be sensitive to increasing flux through this pathway in response to nutrient excess, OGT 
can be considered as a general sensor of glucose availability that modifies proteins 
according to changes in UDP-GlcNAc levels. There is no identified consensus sequence for 
GlcNAcylation, and unlike the multiple genes encoding kinases, there is only a single X-
linked gene encoding the catalytic subunit of OGT in mammals (Shafi et al., 2000). For this 
reason, it has been hypothesized that OGT is the catalytic subunit in large transient enzyme 
complexes where interacting proteins are able to target OGT to its many substrates. Many 
transcription factors are modified by O-GlcNAc in the liver (Dentin et al., 2008; Housley et al., 
2008; Kuo et al., 2008; Ozcan et al., 2010). Interestingly, FoxO1 has been shown to be a target 
for O-GlcNAcylation in hepatocytes in response to hyperglycemia in the insulin resistant state, 
resulting in elevated transactivating capacity for FoxO1 against its gluconeogenic targets 
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) 
reinforcing hepatic glucose production (Housley et al., 2008; Kuo et al., 2008). Moreover, this 
activation was later shown to be dependent on targeting of OGT to FoxO1 via interaction with 
the coactivator PGC1α, which itself was shown to be modified by O-GlcNAc upon interaction 
with OGT (Housley et al., 2009). As PGC1 have been shown to significantly amplify LXR-
mediated activation of the SREBP1c promoter (Oberkofler et al., 2003; Kim et al., 2008), a 
possible recruitment of an OGT/PGC1-complex to LXR on lipogenic target genes under 
insulin resistant conditions remains to be explored. Recently, ChREBP was also shown to be a 
target for O-GlcNAcylation in response to hyperglycemia (Guinez et al., 2011). Adenoviral 
overexpression of OGT in liver increased ChREBP O-GlcNAc modification, protein stability 
and transactivating activity of L-PK, as well as potentiating expression of ACC, FAS and SCD1 
mRNA expression in response to refeeding (Guinez et al., 2011). In contrast, hepatic 
overexpression of OGA reduced lipogenic protein content (ACC and FAS) and hepatic 
steatosis (excessive accumulation of TGs and CEs) in db/db mice, suggesting that enhanced 
OGT signaling to ChREBP and cooperating transcription factors/coregulators contributes to 
hepatic steatosis under insulin resistant conditions. 

4.3. O-GlcNAc signaling activates LXR and hepatic lipogenesis  

In 2007, glucose was reported as an endogenous ligand for LXR (Mitro et al., 2007). This has, 
however, been debated considering the hydrophobic nature of the ligand binding pocket 
(Lazar & Willson, 2007). Instead, we asked the question whether glucose exert its effect via 
hexosamine signaling and posttranslational O-GlcNAc modification of LXR. In a recent 
publication, we show that LXR is O-GlcNAc modified in response to high glucose (25 mM) 
in absence of insulin (cells cultured in 2 % serum, approximately 1-2 pmol/l insulin) and 
synthetic LXR-ligand in Huh7 cells, a human hepatoma cell line (Anthonisen et al., 2010). By 
pharmacological inhibition we demonstrated that hexosamine signaling and O-GlcNAc 
cycling mediates LXR dependent activation of the SREBP1c promoter in response to glucose. 
Furthermore, we observed increased O-GlcNAc modification of LXR in livers from refed 
mice and streptozotosin (STZ) treated diabetic mice corresponding with increased SREBP1c 
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mRNA expression. Moreover, general protein O-GlcNAcylation was increased in STZ-
treated hyperglycemic mice compared to control mice. Our results suggest that LXR is 
regulated by O-GlcNAc modification, thereby increasing its lipogenic potential. Whether O-
GlcNAc-LXR is able to transactivate other lipogenic genes in addition to SREBP1c, is currently 
under investigation in our laboratory. Our preliminary studies point to a role for O-GlcNAc-
LXR in upregulating ChREBP, FAS, ACC and SCD1 expression (Bindesbøll et al, 
unpublished). Furthermore, preliminary reChIP experiments in our laboratory (LXR ChIP 
followed by O-GlcNAc ChIP), show a strong induction of O-GlcNAc-associated LXR binding 
to LXRE on the promoters of SREBP1c, ChREBP, FAS and SCD1 in response to feeding both in 
control mice and STZ treated mice. Our study is supported by the observation that the 
SREBP1c promoter activity and protein levels of SREBP1c are increased in response to elevated 
glucose concentration in the mouse hepatocyte cell line H2-35 (Hasty et al., 2000). 
Furthermore, treatment with azaserine, an inhibitor of GFAT, completely suppressed 
expression of both cytoplasmic and nuclear SREBP1c protein, suggesting that hexosamine-
dependent O-GlcNAc signaling indeed is involved in glucose-induced SREBP1c mRNA 
expression, possibly via activation of LXR and/or cooperating transcription factors/CAs.  

In our in vitro studies, we observed only modest LXR/RXR transactivation of the SREBP1c 
promoter in high glucose/low insulin-treated cells. This might be explained by constitutive 
phosphorylation competing for the same site(s) as GlcNAc on LXR and/or inhibitory 
phosphorylation occurring on adjacent GlcNAc sites. Housley et al. (Housley et al., 2008) 
reported elevated O-GlcNAc on FoxO1 by high glucose and a subsequent reduction by insulin. 
They further showed that O-GlcNAc modification increased substantially on the insulin-
insensitive mutant FoxO1 lacking three AKT phosphorylation sites (T24A, S256A, S319A), 
resulting in increased FoxO1-dependent luciferase reporter activity. These observations imply 
overlapping and/or adjacent phosphorylation and GlcNAc sites on FoxO1. Indeed, the authors 
also identified several O-GlcNAc sites on FoxO1, one of which is adjacent to an Akt 
phosphorylation site (Thr317). In the case of LXR, which is activated by insulin, apparently in 
part via S6K-mediated phosphorylation (Hwahng et al., 2009), GlcNAcylation and 
phosphorylation might act synergistically on LXR in response to glucose and insulin. In fact, 
extensive cross-talk between O-GlcNAcylation and phosphorylation appear to contribute to 
the pathology of various diseases (Hart et al., 2011). In addition, GlcNAc and inhibiting 
phosphate (in response to fasting via PKA and/or AMPK) may compete for the same sites or 
are situated at different serines and/or threonines on LXR. Furthermore, GlcNAcylation and 
phosphorylation of LXR might be affected by ligand binding, which has been shown for 
SUMOylation and acetylation of LXR (Venteclef et al., 2010; Lee et al., 2009). A study by Torra 
et al. (Torra et al., 2008) reported that Ser198 phosphorylation of LXRα in RAW macrophages 
was induced by both synthetic and natural oxysterol LXR ligands and reduced by the RXR 
ligand 9-cis-retinoc acid. As such, we cannot exclude the possibility that LXR O-GlcNAcylation 
may be positively or negatively regulated by LXR and/or RXR ligands. From our in vitro 
GlcNAcylation results (Anthonisen et al., 2010) we believe that the major O-GlcNAc site(s) on 
LXRα and LXRβ resides in the N-terminal region containing the AF1 and DBD, indicating that 
O-GlcNAcylation occur independently of ligand. However, under hyperglycemic conditions, 
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2008; Kuo et al., 2008; Ozcan et al., 2010). Interestingly, FoxO1 has been shown to be a target 
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mediated activation of the SREBP1c promoter (Oberkofler et al., 2003; Kim et al., 2008), a 
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mRNA expression in response to refeeding (Guinez et al., 2011). In contrast, hepatic 
overexpression of OGA reduced lipogenic protein content (ACC and FAS) and hepatic 
steatosis (excessive accumulation of TGs and CEs) in db/db mice, suggesting that enhanced 
OGT signaling to ChREBP and cooperating transcription factors/coregulators contributes to 
hepatic steatosis under insulin resistant conditions. 

4.3. O-GlcNAc signaling activates LXR and hepatic lipogenesis  

In 2007, glucose was reported as an endogenous ligand for LXR (Mitro et al., 2007). This has, 
however, been debated considering the hydrophobic nature of the ligand binding pocket 
(Lazar & Willson, 2007). Instead, we asked the question whether glucose exert its effect via 
hexosamine signaling and posttranslational O-GlcNAc modification of LXR. In a recent 
publication, we show that LXR is O-GlcNAc modified in response to high glucose (25 mM) 
in absence of insulin (cells cultured in 2 % serum, approximately 1-2 pmol/l insulin) and 
synthetic LXR-ligand in Huh7 cells, a human hepatoma cell line (Anthonisen et al., 2010). By 
pharmacological inhibition we demonstrated that hexosamine signaling and O-GlcNAc 
cycling mediates LXR dependent activation of the SREBP1c promoter in response to glucose. 
Furthermore, we observed increased O-GlcNAc modification of LXR in livers from refed 
mice and streptozotosin (STZ) treated diabetic mice corresponding with increased SREBP1c 
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mRNA expression. Moreover, general protein O-GlcNAcylation was increased in STZ-
treated hyperglycemic mice compared to control mice. Our results suggest that LXR is 
regulated by O-GlcNAc modification, thereby increasing its lipogenic potential. Whether O-
GlcNAc-LXR is able to transactivate other lipogenic genes in addition to SREBP1c, is currently 
under investigation in our laboratory. Our preliminary studies point to a role for O-GlcNAc-
LXR in upregulating ChREBP, FAS, ACC and SCD1 expression (Bindesbøll et al, 
unpublished). Furthermore, preliminary reChIP experiments in our laboratory (LXR ChIP 
followed by O-GlcNAc ChIP), show a strong induction of O-GlcNAc-associated LXR binding 
to LXRE on the promoters of SREBP1c, ChREBP, FAS and SCD1 in response to feeding both in 
control mice and STZ treated mice. Our study is supported by the observation that the 
SREBP1c promoter activity and protein levels of SREBP1c are increased in response to elevated 
glucose concentration in the mouse hepatocyte cell line H2-35 (Hasty et al., 2000). 
Furthermore, treatment with azaserine, an inhibitor of GFAT, completely suppressed 
expression of both cytoplasmic and nuclear SREBP1c protein, suggesting that hexosamine-
dependent O-GlcNAc signaling indeed is involved in glucose-induced SREBP1c mRNA 
expression, possibly via activation of LXR and/or cooperating transcription factors/CAs.  

In our in vitro studies, we observed only modest LXR/RXR transactivation of the SREBP1c 
promoter in high glucose/low insulin-treated cells. This might be explained by constitutive 
phosphorylation competing for the same site(s) as GlcNAc on LXR and/or inhibitory 
phosphorylation occurring on adjacent GlcNAc sites. Housley et al. (Housley et al., 2008) 
reported elevated O-GlcNAc on FoxO1 by high glucose and a subsequent reduction by insulin. 
They further showed that O-GlcNAc modification increased substantially on the insulin-
insensitive mutant FoxO1 lacking three AKT phosphorylation sites (T24A, S256A, S319A), 
resulting in increased FoxO1-dependent luciferase reporter activity. These observations imply 
overlapping and/or adjacent phosphorylation and GlcNAc sites on FoxO1. Indeed, the authors 
also identified several O-GlcNAc sites on FoxO1, one of which is adjacent to an Akt 
phosphorylation site (Thr317). In the case of LXR, which is activated by insulin, apparently in 
part via S6K-mediated phosphorylation (Hwahng et al., 2009), GlcNAcylation and 
phosphorylation might act synergistically on LXR in response to glucose and insulin. In fact, 
extensive cross-talk between O-GlcNAcylation and phosphorylation appear to contribute to 
the pathology of various diseases (Hart et al., 2011). In addition, GlcNAc and inhibiting 
phosphate (in response to fasting via PKA and/or AMPK) may compete for the same sites or 
are situated at different serines and/or threonines on LXR. Furthermore, GlcNAcylation and 
phosphorylation of LXR might be affected by ligand binding, which has been shown for 
SUMOylation and acetylation of LXR (Venteclef et al., 2010; Lee et al., 2009). A study by Torra 
et al. (Torra et al., 2008) reported that Ser198 phosphorylation of LXRα in RAW macrophages 
was induced by both synthetic and natural oxysterol LXR ligands and reduced by the RXR 
ligand 9-cis-retinoc acid. As such, we cannot exclude the possibility that LXR O-GlcNAcylation 
may be positively or negatively regulated by LXR and/or RXR ligands. From our in vitro 
GlcNAcylation results (Anthonisen et al., 2010) we believe that the major O-GlcNAc site(s) on 
LXRα and LXRβ resides in the N-terminal region containing the AF1 and DBD, indicating that 
O-GlcNAcylation occur independently of ligand. However, under hyperglycemic conditions, 
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ligand binding may recruit OGT to LXR via CAs, possibly PGC1 as reported for FoxO1 
(Housley et al., 2009). A more detailed mapping of the GlcNAc sites on LXR and site-directed 
mutagenesis as well as identification of coregulators of LXR under hyperglycemic conditions, 
are under way in our laboratory to elucidate the biological role of O-GlcNAc on LXR. A 
complete summary of putative mechanisms of glucose-signaling to LXR, ChREBP and 
lipogenesis is depicted in Figure 6. 
 

 
Figure 6. Glucose-mediated regulation of hepatic lipogenesis 
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5. Cross-talk between O-GlcNAc- and insulin signaling 

Studies in C.elegans demonstrate that O-GlcNAc cycling phenotypes are very sensitive to 
insulin as well as nutrient composition and that levels of insulin and nutrients influence 
the role of O-GlcNAc cycling and vice versa (Mondoux et al., 2011; Hanover et al., 2010; 
Hanover et al., 2010; Whelan et al., 2008). Intriguingly, O-GlcNAc-marked promoters in 
C.elegans are biased toward genes associated with PIP3 signaling, hexosamine 
biosynthesis, and lipid/carbohydrate metabolism (Love et al., 2010a). Defects in O-GlcNAc 
cycling results in deregulation of genes necessary for carbohydrate and lipid metabolism 
in response to insulin (Forsythe et al., 2006; Hanover et al., 2010) suggesting that both O-
GlcNAc cycling and insulin-signaling are required for a robust and adaptable response to 
hyperglycemia. Several studies have implicated O-GlcNAc cycling in the development of 
insulin resistance (reviewed in (Mondoux et al., 2011)). Mice overexpressing OGT in 
muscle or fat and mammalian cells overexpressing OGA develop insulin resistance 
(McClain, 2002; Arias et al., 2004; Vosseller et al., 2002). Later studies revealed that a 
subset of OGT was able to transiently translocate to the plasma membrane via association 
with PIP3 generated by insulin-activated PI3K (Yang et al., 2008). In response to increased 
glucose metabolism, PIP3-associated OGT can O-GlcNAcylate IR, IRS and Akt 
antagonizing insulin signaling (Yang et al., 2008; Whelan et al., 2010). Moreover, OGT 
may also interact with the mTOR pathway (Hanover et al., 2010). As mentioned in section 
3.2.3, the downstream target for insulin signaling, FoxO1, is also modified by O-GlcNAc, 
apparently via OGT recruitment to PGC1, providing another mechanism for OGT to 
contribute to insulin resistance, at least for sustained hepatic glucose production in 
response to hyperglycemia (Housley et al., 2009). Directing OGT to transcriptional targets 
implies that PGC1α can integrate multiple nutrient signals to regulate gene expression. 
Whether OGT via PGC1 or other CAs is also recruited to ChREBP- and LXR-regulated 
promoters is currently not known. OGT is recruited to and O-GlcNAcylate several 
coregulators and histone modifying enzymes (acetylases/deacetylases, 
metylases/demetylases) and even histones themselves (Fujiki et al., 2009; Hanover et al., 
2012; Fujiki et al., 2011; Sakabe et al., 2010). Depending on the nutritional stimuli, all 
components of the transciptional machinery from specific transcription factors to 
coregulators, histones and RNA polymerase II are subject to epigenetic regulation by 
acetylation, ubiquitinylation, SUMOylation, phosphorylation and/or O-GlcNAcylation 
(Rosenfeld et al., 2006; Venteclef et al., 2011; Love et al., 2010b; Kato et al., 2011). The fine-
tuning of these modifications determines whether a gene is activated or repressed. 
Furthermore, as the substrate specificity of OGT is believed to be spatio-temporally 
regulated by transient interactions with large enzyme complexes, its binding to PIP3 may 
not occur solely at the plasma membrane, as PI3K is also active in the nucleus where it is 
involved in regulation of protein-chromatin interactions, transcription and mRNA export 
(Viiri et al., 2012; Kebede et al., 2012; Okada & Ye, 2009). As protein O-GlcNAcylation is 
rapidly increased at both the plasma membrane and the nucleus in response to serum-
stimulation (Carrillo et al., 2011), OGT-binding to nuclear PIP3 may also be instrumental 
in transcriptional regulation in response to feeding. Interestingly, nonalcoholic fatty liver 
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disease is often accompanied by hepatic insulin resistance, metabolic syndrome, and 
diabetes (reviewed in (Scorletti et al., 2011)) and the sensitivity of OGT to glucose 
increases with decreasing insulin signaling (Mondoux et al., 2011). These findings suggest 
that elevated O-GlcNAc cycling on key nuclear proteins contributes to the development of 
hepatic steatosis. This notion is also in line with the above mentioned observation by 
Guinez et al (Guinez et al., 2011), where overexpression of OGA reduced hepatic steatosis 
in db/db mice. A complete summary of a putative glucose-insulin cross-talk in regulation 
of hepatic de novo lipogenesis is depicted in Fig. 7.  
 

 
Figure 7. Glucose-insulin cross-talk in regulation of hepatic lipogenesis 
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6. Concluding remarks 

In mice and humans, hepatic de novo lipogenesis is activated by a high intake of both glucose 
and fructose (Scorletti et al., 2011; Schwarz et al., 1995; Schwarz et al., 2003). Fructose 
increase hepatic hexosamine signaling (Hirahatake et al., 2011) and induce SREBP1c and 
ChREBP expression in hepatic cells (Matsuzaka et al., 2004; Haas et al., 2012; Koo et al., 
2009), which may, in part be mediated by LXR. The response of LXR to glucose has been 
debated (Lazar & Willson, 2007), but a recent study support the notion of LXR as a 
glucose/fructose sensor as high sucrose fed mice exhibit elevated hepatic expression of 
SREBP1c and increased TG levels, which was not observed in LXR/ double knock out 
mice (Korach-Andre et al., 2011). LXR increases lipogenesis, in part by activating SREBP1c 
and ChREBP proteins. Thus, in response to feeding, they can cooperately activate most of 
the genes required for hepatic lipogenesis and TG secretion. Whether hepatic LXR drives the 
expression of SREBP1c and/or ChREBP to the same degree under different nutritional 
conditions is currently not known, as most studies have been performed using synthetic 
LXR agonists. We have preliminary results showing that hepatic expression of SREBP1c and 
ChREBP is upregulated in refed control mice and to a lesser extent in STZ-treated 
hyperglycemic mice, which is not observed in LXR/ double knock out mice (Bindesbøll et 
al, unpublished). O-GlcNAc modification of LXR is increased in STZ-treated mice 
(Anthonisen et al., 2010) and we postulate that O-GlcNAc modification of LXR in response 
to glucose activates LXR and drives the expression of ChREBP and SREBP1c and in 
particular the lipogenic genes, ACC and SCD1. Furthermore, RNA Pol II ChIP-Seq data 
show reduced binding of RNA Pol II to the L-PK promoter and no binding of RNA Pol II to 
the SCD1 promoter in LXR / double knock out mice compared to control mice. Moreover, 
a novel LXRE immediately downstream of SCD1 was found, to which LXR bound more 
strongly than the previously published upstream LXR binding site (Boergesen et al., 2012). 
This suggests an important role for LXR as an upstream activator of ChREBP-mediated 
transcription and argues for LXR acting independently on the SCD1 promoter, at least 
under certain nutritional conditions. Previous studies have demonstrated that LXR directly 
activates key lipogenic genes (Joseph et al., 2002), most notably SCD1 in the liver of SREBP1c 
knockout mice (Liang et al., 2002; Chu et al., 2006). Why there would be a need for LXR to 
activate lipogenic genes directly, may be explained by the nutritional conditions and 
redundancy in the system. Oxysterols bind the endoplasmic reticulum resident Insig protein 
and could inhibit the proteolytic maturation of SREBP1c (Radhakrishnan et al., 2007). This 
would limit transcription by SREBP1c, and direct activation by LXR would be required to 
stimulate lipogenesis. In the absence of active SREBP1c, however, LXR may act in concert 
with ChREBP in regulating lipogenic expression. A recent study show that hepatic 
overexpression of ChREBP induces SCD1 expression and hepatic steatosis, but not insulin 
resistance (Benhamed et al., 2012). Whether overexpression of ChREBP affected LXR protein 
expression and transactivation of the SCD1 promoter was not investigated in this study. In 
later studies, it would be interesting to investigate the SCD1 expression and activity in livers 
or hepatocytes with targeted deletion of ChREBP. Benhamed et al (Benhamed et al., 2012) 
also showed that ChREBP expression was increased in liver biopsies from patients with 
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steatosis and decreased in liver of patients with severe insulin resistance, suggesting that 
ChREBP, alone or in combination with LXR, drives SCD1 expression and steatosis 
independent of insulin resistance. This is in line with recent human studies showing no 
relationship between hepatic TG accumulation and insulin resistance (Cohen et al., 2011; 
Hooper et al., 2011). Thus, hepatic steatosis can either be the result or cause of hepatic 
insulin resistance. The mechanisms of hepatic insulin resistance is still not clear (Farese, Jr. et 
al., 2012), but may involve specific lipids, nutrition-induced metabolites and PTMs 
including O-GlcNAc. Hepatic TG synthesis may be a protective mechanism to limit 
accumulation of toxic free fatty acids, liver damage and fibrosis (Choi & Diehl, 2008) where 
particularly SCD1 seem to play a protective role (Li et al., 2009).  

As LXR is shown also to act anti-inflammatory in liver (Wouters et al., 2008; Venteclef et al., 
2010), LXR activation may be an important compensative mechanism in response to excess 
nutrients to limit liver damage, inflammation and fibrosis. SUMOylation is an important 
ligand-activated transrepressional PTM of LXR on inflammatory genes (Venteclef et al., 
2011) and future studies in our laboratory aim to elucidate a putative cross-talk between 
OGT and E3 ligases (SUMO conjugating enzymes) in liver in response to excess nutrients, 
especially high sugar levels (glucose and fructose). The relative roles of LXR, SREBP1c and 
ChREBP in driving lipogenesis is clearly dependent on both insulin and glucose signaling 
and cross-talk between these pathways. Both phosphorylation and GlcNAcylation appear 
instrumental in hepatic lipogenesis and future focus in our laboratory will be to elucidate a 
possible cross-talk between these PTMs, endogenous LXR ligands and interacting CAs in 
response to various feeding conditions (high glucose, fructose and/or fatty acids, 
cholesterol) and the impact on downstream ChREBP, SREBP1c and lipogenic enzyme 
expression and activity. ChIP and reChIP analysis in combination with loss of function 
studies have become powerful tools to analyze activation of specific genes by specific 
transcription factors in response to extracellular stimuli. By these methods, we anticipate 
that the signaling mechanisms and relative roles of LXR, ChREBP, SREBP1c and cooperating 
transcription factors in driving hepatic de novo lipogenesis will be revealed in the not too 
distant future. 
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steatosis and decreased in liver of patients with severe insulin resistance, suggesting that 
ChREBP, alone or in combination with LXR, drives SCD1 expression and steatosis 
independent of insulin resistance. This is in line with recent human studies showing no 
relationship between hepatic TG accumulation and insulin resistance (Cohen et al., 2011; 
Hooper et al., 2011). Thus, hepatic steatosis can either be the result or cause of hepatic 
insulin resistance. The mechanisms of hepatic insulin resistance is still not clear (Farese, Jr. et 
al., 2012), but may involve specific lipids, nutrition-induced metabolites and PTMs 
including O-GlcNAc. Hepatic TG synthesis may be a protective mechanism to limit 
accumulation of toxic free fatty acids, liver damage and fibrosis (Choi & Diehl, 2008) where 
particularly SCD1 seem to play a protective role (Li et al., 2009).  

As LXR is shown also to act anti-inflammatory in liver (Wouters et al., 2008; Venteclef et al., 
2010), LXR activation may be an important compensative mechanism in response to excess 
nutrients to limit liver damage, inflammation and fibrosis. SUMOylation is an important 
ligand-activated transrepressional PTM of LXR on inflammatory genes (Venteclef et al., 
2011) and future studies in our laboratory aim to elucidate a putative cross-talk between 
OGT and E3 ligases (SUMO conjugating enzymes) in liver in response to excess nutrients, 
especially high sugar levels (glucose and fructose). The relative roles of LXR, SREBP1c and 
ChREBP in driving lipogenesis is clearly dependent on both insulin and glucose signaling 
and cross-talk between these pathways. Both phosphorylation and GlcNAcylation appear 
instrumental in hepatic lipogenesis and future focus in our laboratory will be to elucidate a 
possible cross-talk between these PTMs, endogenous LXR ligands and interacting CAs in 
response to various feeding conditions (high glucose, fructose and/or fatty acids, 
cholesterol) and the impact on downstream ChREBP, SREBP1c and lipogenic enzyme 
expression and activity. ChIP and reChIP analysis in combination with loss of function 
studies have become powerful tools to analyze activation of specific genes by specific 
transcription factors in response to extracellular stimuli. By these methods, we anticipate 
that the signaling mechanisms and relative roles of LXR, ChREBP, SREBP1c and cooperating 
transcription factors in driving hepatic de novo lipogenesis will be revealed in the not too 
distant future. 
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1. Introduction 

1.1. Apolipoprotein E, inflammation and atherosclerosis 

The inflammatory disease atherosclerosis is characterized by plaque formation in the 
cardiovascular system, which together with thrombosis can lead to obstruction of blood 
vessels, potentially leading to ischemia, stroke, and heart failure (Libby et al., 2009; Chen et 
al., 2010; Drake et al., 2011). Atherosclerosis is triggered and sustained by inflammation 
related cytokines, chemokines, adhesion molecules and by the cellular components of the 
immune system (Ross, 1999; Epstein et al., 2004). Cholesterol, most of it transported as a low 
density lipoprotein (LDL) particle in the bloodstream, supports foam cell formation in 
atherosclerotic plaques. In parallel, cholesterol plays an important role in steroidogenesis 
and bile production (Lacapere and Papadopoulos, 2003), which have been correlated with 
mitochondrial 18 kDa Translocator Protein (TSPO) and apolipoprotein E (apoE) expression 
(Fujimura et al., 2008; Gaemperli et al., 2011). Lipoproteins are lipid transport vehicles that 
ensure the solubility of lipids within aqueous biological environments. Apolipoproteins 
stabilize the surface of lipoproteins, serve as cofactors for enzymatic reactions, and present 
themselves as ligands for lipoprotein receptors. The soluble apolipoprotein gene family, 
which includes apoE, encodes proteins with amphipathic structures that allow them to exist 
at the water-lipid interface (Chan, 1989). ApoE is a polymorphic 229-aa, 34-kDa protein, 
which is present in the cell nucleus and cytosolic compartments (Mahley & Huang, 1999). 
The human gene, located on chromosome 19, encodes three alleles: apoE2 (frequency in the 
human population, 5–10%), apoE3 (60–70%), and apoE4 (15–20%). The isoforms differ only 
at residues 112 and 158 (Cedazo-Minguez & Cowburn, 2001). However, there is only one 
isoform of apoE in mouse and it behaves like human apoE3 (Strittmatter & Bova Hill, 2002). 
It is suggested that apoE deficiency in mice mimics the human apoE4 status, which implies 
reduced apoE3 levels relative to apoE4 levels (Buttini et al., 1999; Sheng et al., 1998).  
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The inflammatory disease atherosclerosis is characterized by plaque formation in the 
cardiovascular system, which together with thrombosis can lead to obstruction of blood 
vessels, potentially leading to ischemia, stroke, and heart failure (Libby et al., 2009; Chen et 
al., 2010; Drake et al., 2011). Atherosclerosis is triggered and sustained by inflammation 
related cytokines, chemokines, adhesion molecules and by the cellular components of the 
immune system (Ross, 1999; Epstein et al., 2004). Cholesterol, most of it transported as a low 
density lipoprotein (LDL) particle in the bloodstream, supports foam cell formation in 
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ensure the solubility of lipids within aqueous biological environments. Apolipoproteins 
stabilize the surface of lipoproteins, serve as cofactors for enzymatic reactions, and present 
themselves as ligands for lipoprotein receptors. The soluble apolipoprotein gene family, 
which includes apoE, encodes proteins with amphipathic structures that allow them to exist 
at the water-lipid interface (Chan, 1989). ApoE is a polymorphic 229-aa, 34-kDa protein, 
which is present in the cell nucleus and cytosolic compartments (Mahley & Huang, 1999). 
The human gene, located on chromosome 19, encodes three alleles: apoE2 (frequency in the 
human population, 5–10%), apoE3 (60–70%), and apoE4 (15–20%). The isoforms differ only 
at residues 112 and 158 (Cedazo-Minguez & Cowburn, 2001). However, there is only one 
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ApoE is synthesized in several areas of the body, including the liver, where it is produced 
by hepatic parenchymal cells, and becomes a component in the surface of circulating 
triglyceride-rich lipoproteins [very low density lipoprotein (VLDL) and chylomicrons, or 
their remnants], and certain high density lipoprotein (HDL) particles (Mahley, 1988). ApoE 
plays a major role in the transport of lipids in the bloodstream, where it participates in the 
delivery and clearance of serum triglycerides, phospholipids, and cholesterol (Mahley, 
1988). ApoE is also synthesized in the spleen, lungs, adrenals, ovaries, kidneys, muscle cells, 
and macrophages (Mahley, 1988). ApoE-containing lipoproteins are bound and internalized 
via receptor-mediated endocytosis by a number of proteins of the LDL receptor (LDLR) and 
LDLR-related protein (LRP) families (Davignon et al., 1998). ApoE is considered to be a 
ligand that binds to 27 clusters of negatively charged cysteine-rich repeats in the 
extracellular domains of all LDLR gene family members. It has been suggested that apoE 
made its entrance on the evolutionary stage long after the receptors to which it binds 
(Beffert et al., 2004). This also indicates that the original primordial functions of the LDLR 
family did not involve interactions with apoE. The original functions of the LDLR family 
may have been on the one hand transporting macromolecules between increasingly 
specialized cells and on the other hand serving as sensors for intercellular communication 
and environmental conditions (Beffert et al., 2003). 

Cholesterol accumulation within atherosclerotic plaque occurs when cholesterol influx into 
the arterial wall (from apoB-containing lipoproteins) exceeds cholesterol efflux. Early in 
atherogenesis circulating monocytes are recruited to the arterial sub-endothelium where 
they differentiate into macrophages, ingest cholesterol, and develop into “foam cells” (Ross, 
1973; 1999; Ross et al., 2001). Initially, monocytes adhere to activated endothelium on which 
up-regulated cell adhesion molecules (CAMs) are displayed, a dynamic process sensitive to 
inflammatory cytokines, shear stress, and oxidative insults (Chia, 1998). Induction of 
vascular cell adhesion molecule-1 (VCAM-1), a member of the immunoglobulin superfamily 
of CAMs, is increasingly described as the key factor in monocyte infiltration (Nakashima et 
al., 1998; Truskey et al., 1999). ApoE-knockout mice (apoE KO) have been extensively used 
to study the relation of hypercholesterolemia and lipoprotein oxidation to atherogenesis 
(Hoen et al., 2003; Yang et al., 2009; Kunitomo et al., 2009). ApoE-deficient mice have 
elevated VCAM-1 in aortic lesions (Nakashima et al., 1998), which enhances monocyte 
recruitment and adhesion (Ramos & Partridge, 2005), while apoE expression in the artery 
wall reduces early foam cell lesion formation (Hasty et al., 1999). These findings imply that 
apoE may influence early inflammatory responses by suppressing endothelial activation 
and CAM expression (Stannard et al., 2001). ApoE helps protect against atherosclerosis, in 
part by mediating hepatic clearance of remnant plasma lipoproteins (Weisgraber et al., 
1994). When apoE is absent or dysfunctional, severe hyperlipidemia and atherosclerosis 
ensue (Kashyap et al., 1995; Linton & Fazio, 1999). ApoE is also abundant in atherosclerotic 
lesions, secreted by resident cholesterol-loaded macrophages (Linton & Fazio, 1999). This 
locally produced apoE is atheroprotective by contributing to reverse cholesterol transport 
and by inhibiting smooth muscle cell proliferation (Mahley et al., 1999; Mahley and Ji, 2006). 
ApoE exerts several functions regarding lipid and cholesterol transport and metabolism:  1) 
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apoE functions as an important carrier protein in the redistribution of lipids among cells (by 
incorporation into HDL (as HDL-E); 2) it plays a prominent role in the transport of 
cholesterol (by incorporating into intestinally synthesized cholymicrons); and 3) it takes part 
metabolism of plasma cholesterol and triglyceride (by interaction with the LDLR and the 
receptor binding of apoE lipoproteins (Krul & Tikkanen, 1988; Quinn et al., 2004; Elliott et 
al., 2007).  

ApoE has an established immune modulatory function in the peripheral immune response 
to bacteria and viruses (Mahley & Rall, 2000). It also modulates inflammatory responses in 
cell culture models in vitro and in in vivo models of brain injury, where an apoE mimetic 
therapeutic peptide has been shown to reduce CNS inflammation (Lynch et al., 2003; 
McAdoo et al., 2005; Aono et al., 2003). Involvement of apoE in injurious and inflammatory 
processes in the brain has attracted intensive attention (Drake et al., 2011; Potter and 
Wisniewski, 2012). In the brain, as well as in the cerebrospinal fluid, non-neuronal cell types, 
most notably astroglia and microglia, are the primary producers of apoE (Boyles et al., 1985; 
Quinn et al., 2004), while neurons preferentially express the receptors for apoE (Beffert et al., 
2003). Regarding pathological conditions, it has been shown that human neuroblastoma cells, 
such as SK-N-SH, express apoE mRNA and apoE protein (Elliott et al., 2007). ApoE expression 
in neurons can be induced during nerve regeneration after injury and in growth and 
development of the CNS (Quinn et al., 2004). Moreover, Harris et al. (2004) showed that 
neuron-generated apoE tends to accumulate intracellularly, whereas astrocyte-generated apoE 
tends to be secreted. ApoE present in neurons is found in the cytoplasm (Han et al., 1994; Xu et 
al., 1996). The appearance of apoE in neurons may be due to neuronal synthesis under 
particular conditions, or by insertion into the cytoplasm of extracellular apoE (Dupont-Wallois 
et al., 1997). As neurons, human fibroblasts express low level of apoE under normal 
conditions, but under specific circumstances, such as apoptosis and nerve injury, they can 
produce increased levels of apoE (Do-Carmo et al., 2002; Quinn et al., 2004).  

1.2. The 18kDa Translocator Protein (TSPO) and apolipoprotein E  

Recent studies by us and others have indicated that the mitochondrial 18kDa Translocator 
Protein (TSPO), also known as peripheral-type benzodiazepine receptor (PBR) is present 
throughout the cardiovascular system and may be involved in cardiovascular disorders 
including atherosclerosis (Veenman and Gavish, 2006). The primary intracellular location of 
the TSPO is the outer mitochondrial membrane. Various studies over the course of the last 3 
decennia have indicated that mitochondrial TSPO, potentially in relation to cardiovascular 
disease, is involved in the regulation of cholesterol transport into mitochondria in relation to 
bile production and steroidogenesis (Krueger and Papadopoulos, 1990; Papadopoulos et al., 
2006). In particular, TSPO regulates cholesterol transport from the outer to the inner 
mitochondrial membrane which is the rate-limiting step in steroid and bile acid 
biosyntheses (Krueger and Papadopoulos, 1990; Lacapère and Papadopoulos, 2003; 
Veenman et al., 2007). Three-dimensional models of the channel formed by the five α-helices 
of the TSPO indicate that it can accommodate a cholesterol molecule in the space delineated 
by the five helices. According to these models, the inner surface of the channel formed by 
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including atherosclerosis (Veenman and Gavish, 2006). The primary intracellular location of 
the TSPO is the outer mitochondrial membrane. Various studies over the course of the last 3 
decennia have indicated that mitochondrial TSPO, potentially in relation to cardiovascular 
disease, is involved in the regulation of cholesterol transport into mitochondria in relation to 
bile production and steroidogenesis (Krueger and Papadopoulos, 1990; Papadopoulos et al., 
2006). In particular, TSPO regulates cholesterol transport from the outer to the inner 
mitochondrial membrane which is the rate-limiting step in steroid and bile acid 
biosyntheses (Krueger and Papadopoulos, 1990; Lacapère and Papadopoulos, 2003; 
Veenman et al., 2007). Three-dimensional models of the channel formed by the five α-helices 
of the TSPO indicate that it can accommodate a cholesterol molecule in the space delineated 
by the five helices. According to these models, the inner surface of the channel formed by 
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the TSPO molecule would present a hydrophilic but uncharged pathway, allowing 
amphiphilic cholesterol molecules to cross the outer mitochondrial membrane 
(Papadopoulos et al., 1997, 2006; Veenman et al., 2007). At cellular levels TSPO is present in 
virtually all of the cells of the cardiovascular system, where they appear to take part in the 
responses to various challenges that an organism and its cardiovascular system face 
(Veenman & Gavish, 2006), including atherosclerosis and accompanying symptoms 
(Onyimba et al., 2011; Bird et al., 2010; Dimitrova-Shumkovska et al., 2010a,b,c, 2012). 

TSPO are located in various components of blood vessels, including endothelial cells where 
TSPO may take part in immunologic and inflammatory responses (Hollingsworth et al., 
1985; Bono et al., 1999; Milner et al., 2004; Veenman & Gavish, 2006). To establish a factual 
correlation between atherogenic challenges and TSPO binding characteristics, we have 
previously assayed TSPO binding characteristics in different tissues of rats fed a high fat 
high cholesterol (HFHC) diet, in comparison to rats fed a normal diet (Dimitrova-
Shumkovska et al., 2010a).  It appeared that enhancement of oxidative stress in the aorta and 
liver due to the atherogenic HFHC diet was accompanied by significant reductions in TSPO 
binding density in these organs. Binding levels of the TSPO specific ligand [3H]PK 11195 in 
heart appeared not to be affected by the HFHC diet in this rat model. 

Previous studies have shown that TSPO as well as apoE can be associated with processes 
such as: cholesterol metabolism, oxidative stress, apoptosis, glial activation, inflammation, 
and immune responses. As a ligand for cell-surface lipoprotein receptors, apoE can prevent 
atherosclerosis by clearing cholesterol-rich lipoproteins from plasma (Mahley and Huang, 
1999). The TSPO protein has also been shown to be present in the plasma membrane of red 
blood cells, as well as in the plasma membrane of neutrofils, where it was shown to 
stimulate NADPH-oxidase activation of these cells. The plasma membrane forms of TSPO 
may be involved in heme metabolism, calcium channel modulation, cell growth, and 
immunomodulation. Furthermore, nucleus expulsion in mature erythrocytes is inhibited by 
excess cellular cholesterol (Fan et al., 2009). However, the involvement of the TSPO in this 
process has not been investigated. A recent study in cell culture showed that TSPO is 
important for the regulation of mitochondrial protoporphyrin IX and heme levels (Zeno et 
al., 2012). Thus, the TSPO appears to take part in various stages of red blood cell formation. 

Furthermore, TSPO takes part in the regulation of gene expression for proteins involved in 
adhesion, which potentially may play a role in platelet aggregation (Bode et al., 2012; 
Veenman et al., 2012). ApoE has also been found to be involved in platelet aggregation, 
while TSPO platelet levels have been found to be increased with various neurological 
disorders, in particular stress related disorders (Veenman and Gavish, 2000, 2006, 2012). It 
has been suggested that platelet aggregation may be affected by nitric oxide (NO) 
generation via apoE, while other studies suggest that NO requires the TSPO to induce 
collapse of the mitochondrial membrane potential (ΔΨm), mitochondrial reactive oxygen 
species (ROS) generation and cell death (Shargorodsky et al., 2012). Thus, the TSPO may 
present one pathway whereby NO does affect platelet aggregation. Furthermore, various 
alteration in TSPO density in the heart as a response to stress have been reported (Gavish et 
al., 1992; Veenman and Gavish, 2006), suggesting one aspect of involvement of TSPO in 
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cardiovascular diseases, including cardiac ischemia. It has also been shown that apoE is 
involved in cardiac ischemia (Mahley, 1988).  

Apparently as a consequence of its role in steroidogenesis, TSPO typically are very 
abundant in steroidogenic tissues (Benavides et al., 1983; De Souza et al., 1985). Steroid 
hormones can affect TSPO levels, while in turn TSPO provides a modulatory function for 
steroid hormone production by regulation of mitochondrial cholesterol transport (Veenman 
et al., 2007). It is known that cholesterol affects TSPO function (Falchi et al., 2007).  
Interestingly, apoE is also well expressed in steroidogenic organs such as adrenal gland, 
ovary, and testis (Blue et al., 1983; Elshourbagy et al., 1985; Law et al., 1997). Nonetheless, 
studies by us suggests that elevated cholesterol levels, such as found in apoE KO mice, do 
not appear to affect TSPO levels in steroidogenic organs (Inbar Roim, M.Sc. Thesis, Technion 
– Israel Institute of Technology, 2008), even though effects in the cardiovascular system can 
be observed (Dimitrova-Shumkovska et al., 2010a). As has been reported, TSPO levels can 
be regulated by steroid hormones, which may be part of an organism’s response to stress 
and injury (Anholt et al., 1985; Weizman et al., 1992; Gavish & Weizman, 1997; Gavish et al., 
1999; Veenman et al., 2007; Mazurika et al., 2009; Veenman and Gavish, 2012). This suggests 
that TSPO levels may be part of a feedback control system for steroid production 
(responding to alterations in steroid levels), rather than be regulated by a feed forward 
signal provided by cholesterol (i.e. TSPO levels in relation to steroidogenesis are not being 
regulated by cholesterol levels in vivo) (Veenman and Gavish, 2012). 

1.2.1. Involvement of TSPO in inflammation 

Various studies have shown the presence of TSPO in all cell types of the immune system, 
thus proposed functional roles of the TSPO included modulation of stress-induced 
immunosuppression and immune cell activity (Lenfant et al., 1985; Ruff et al., 1985; Bessier 
et al., 1992; Marchetti et al., 1996; Bono et al., 1999; Veenman & Gavish, 2006). TSPO are 
present in platelets, lymphocytes, and mononuclear cells, and are also found in the 
endothelium, the striated cardiac muscle, the vascular smooth muscles, and the mast cells of 
the cardiovascular system (Veenman & Gavish, 2006). TSPO in the cardiovascular system 
appears to play roles in several aspects of the immune response, such as phagocytosis and 
the secretion of interleukin-2, interleukin-3, and immunoglobulin A (Veenman & Gavish, 
2006). Mast cells are considered to be important for immune response to pathogens 
(Marshall, 2004) and they have also been implicated in the regulation of thrombosis and 
inflammation and cardiovascular disease processes such as atherosclerosis as well as in 
neoplastic conditions (Wojta et al., 2003). Studies have shown that benzodiazepines’ 
inhibition of serotonin release in mast cells could reduce blood brain barrier permeability, 
influence pain levels, and decrease vascular smooth muscle contractions (Veenman and 
Gavish, 2006). Benzodiazepines have been found to bind to specific receptors constituted by 
the TSPO on macrophages and to modulate in vitro their metabolic oxidative responsiveness 
(Lenfant et al., 1985). TSPO in the cardiovascular system also has been associated with the 
development of atherosclerosis (Camici et al., 2012). It for example has been suggested that 
reductions in TSPO levels may act as a protective mechanisms against the development of 
oxidative stress in aorta and liver (Dimitrova-Shumkovska et al., 2010a, b, c; 2012).  
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the TSPO molecule would present a hydrophilic but uncharged pathway, allowing 
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heart appeared not to be affected by the HFHC diet in this rat model. 
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blood cells, as well as in the plasma membrane of neutrofils, where it was shown to 
stimulate NADPH-oxidase activation of these cells. The plasma membrane forms of TSPO 
may be involved in heme metabolism, calcium channel modulation, cell growth, and 
immunomodulation. Furthermore, nucleus expulsion in mature erythrocytes is inhibited by 
excess cellular cholesterol (Fan et al., 2009). However, the involvement of the TSPO in this 
process has not been investigated. A recent study in cell culture showed that TSPO is 
important for the regulation of mitochondrial protoporphyrin IX and heme levels (Zeno et 
al., 2012). Thus, the TSPO appears to take part in various stages of red blood cell formation. 

Furthermore, TSPO takes part in the regulation of gene expression for proteins involved in 
adhesion, which potentially may play a role in platelet aggregation (Bode et al., 2012; 
Veenman et al., 2012). ApoE has also been found to be involved in platelet aggregation, 
while TSPO platelet levels have been found to be increased with various neurological 
disorders, in particular stress related disorders (Veenman and Gavish, 2000, 2006, 2012). It 
has been suggested that platelet aggregation may be affected by nitric oxide (NO) 
generation via apoE, while other studies suggest that NO requires the TSPO to induce 
collapse of the mitochondrial membrane potential (ΔΨm), mitochondrial reactive oxygen 
species (ROS) generation and cell death (Shargorodsky et al., 2012). Thus, the TSPO may 
present one pathway whereby NO does affect platelet aggregation. Furthermore, various 
alteration in TSPO density in the heart as a response to stress have been reported (Gavish et 
al., 1992; Veenman and Gavish, 2006), suggesting one aspect of involvement of TSPO in 
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cardiovascular diseases, including cardiac ischemia. It has also been shown that apoE is 
involved in cardiac ischemia (Mahley, 1988).  

Apparently as a consequence of its role in steroidogenesis, TSPO typically are very 
abundant in steroidogenic tissues (Benavides et al., 1983; De Souza et al., 1985). Steroid 
hormones can affect TSPO levels, while in turn TSPO provides a modulatory function for 
steroid hormone production by regulation of mitochondrial cholesterol transport (Veenman 
et al., 2007). It is known that cholesterol affects TSPO function (Falchi et al., 2007).  
Interestingly, apoE is also well expressed in steroidogenic organs such as adrenal gland, 
ovary, and testis (Blue et al., 1983; Elshourbagy et al., 1985; Law et al., 1997). Nonetheless, 
studies by us suggests that elevated cholesterol levels, such as found in apoE KO mice, do 
not appear to affect TSPO levels in steroidogenic organs (Inbar Roim, M.Sc. Thesis, Technion 
– Israel Institute of Technology, 2008), even though effects in the cardiovascular system can 
be observed (Dimitrova-Shumkovska et al., 2010a). As has been reported, TSPO levels can 
be regulated by steroid hormones, which may be part of an organism’s response to stress 
and injury (Anholt et al., 1985; Weizman et al., 1992; Gavish & Weizman, 1997; Gavish et al., 
1999; Veenman et al., 2007; Mazurika et al., 2009; Veenman and Gavish, 2012). This suggests 
that TSPO levels may be part of a feedback control system for steroid production 
(responding to alterations in steroid levels), rather than be regulated by a feed forward 
signal provided by cholesterol (i.e. TSPO levels in relation to steroidogenesis are not being 
regulated by cholesterol levels in vivo) (Veenman and Gavish, 2012). 

1.2.1. Involvement of TSPO in inflammation 

Various studies have shown the presence of TSPO in all cell types of the immune system, 
thus proposed functional roles of the TSPO included modulation of stress-induced 
immunosuppression and immune cell activity (Lenfant et al., 1985; Ruff et al., 1985; Bessier 
et al., 1992; Marchetti et al., 1996; Bono et al., 1999; Veenman & Gavish, 2006). TSPO are 
present in platelets, lymphocytes, and mononuclear cells, and are also found in the 
endothelium, the striated cardiac muscle, the vascular smooth muscles, and the mast cells of 
the cardiovascular system (Veenman & Gavish, 2006). TSPO in the cardiovascular system 
appears to play roles in several aspects of the immune response, such as phagocytosis and 
the secretion of interleukin-2, interleukin-3, and immunoglobulin A (Veenman & Gavish, 
2006). Mast cells are considered to be important for immune response to pathogens 
(Marshall, 2004) and they have also been implicated in the regulation of thrombosis and 
inflammation and cardiovascular disease processes such as atherosclerosis as well as in 
neoplastic conditions (Wojta et al., 2003). Studies have shown that benzodiazepines’ 
inhibition of serotonin release in mast cells could reduce blood brain barrier permeability, 
influence pain levels, and decrease vascular smooth muscle contractions (Veenman and 
Gavish, 2006). Benzodiazepines have been found to bind to specific receptors constituted by 
the TSPO on macrophages and to modulate in vitro their metabolic oxidative responsiveness 
(Lenfant et al., 1985). TSPO in the cardiovascular system also has been associated with the 
development of atherosclerosis (Camici et al., 2012). It for example has been suggested that 
reductions in TSPO levels may act as a protective mechanisms against the development of 
oxidative stress in aorta and liver (Dimitrova-Shumkovska et al., 2010a, b, c; 2012).  
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Anti-inflammatory properties of TSPO ligands have been demonstrated in various tissues. 
TSPO ligands have been shown to reduce inflammation in animal models of rheumatoid 
arthritis (Waterfield et al., 1999), carrageenan-induced pleurisy (Torres et al., 2000), and 
pulmonary inflammation (Bribes et al., 2003). Taupin et al. (1993) have also demonstrated in 
vivo that the synthetic TSPO ligand Ro5-4864 increases brain IL-1, IL-6 and TNF-α 
production after brain trauma. These cytokines are known to play a role in the inflammatory 
reaction to brain injury (Heumann et al., 1987). Interestingly, one study showed that PK 
11195, but not Ro5-4864, could exert anti-inflammatory actions on mononuclear phagocytes, 
regulating the release of IL-1b (Klegeris et al., 2000). In addition, in vivo studies have shown 
that TSPO ligands can reduce the typical inflammatory response presented by reactive 
microglia and reactive astroglia resulting from brain trauma (Ryu et al., 2005; Veiga et al., 
2005). 

1.3. Animal models and strategies for atherosclerosis study 

Atherosclerotic plaques may appear early in life and might progress into severe, 
symptomatic plaques many decades later, dependent on the coexistence of risk factors such 
as age, genetic background, gender, hypercholesterolemia, hypertension, smoking, diabetes, 
etc. (Ross, 1999; Whitman, 2004). Rupture of lipid-rich coronary plaques can trigger an 
atherothrombotic event and probably is the most important mechanism inducing acute 
coronary syndrome (ACS) (Vilahuer et al., 2011). 

Plaque rupture presents a major factor in ischemic processes associated with atherosclerosis 
(Zhao et al., 2008; Cheng et al., 2009; Gaemerli et al., 2011). Plaque rupture in the human 
condition, including the cardiovascular processes and events leading up to it, presently is 
virtually inaccessible for research. Therefore, animal models have been developed to study 
atherosclerosis, including plaque rupture and thrombus formation, and also how to take 
measures to prevent these from happening. Nonetheless, more sophisticated models need to 
be developed and tested to be able to better mimic the human condition. This is so, as mice 
and rats, for example, do not develop atherosclerosis without genetic manipulation, because 
they have a lipid physiology that is radically different from that in humans, as most of the 
cholesterol is being transported in HDL-like particles (Whitman, 2004; Singh et al., 2009; 
Vilahur et al., 2011). Furthermore, all of the existing animal models, including biological and 
mechanical triggering of atherogenesis, e.g., the Watanabe heritable hyperlipidemic 
(WHHL) rabbit model, the apolipoprotein E (ApoE) mouse model, and the LDL-receptor 
mouse model) suffer the drawback of lacking an end-stage atherosclerosis that would show 
plaque rupture accompanied by platelet and fibrin-rich occlusive thrombus at the rupture 
site (Singh et al., 2009). Another restriction of current models for cardiovascular disorders is 
that most of the studies explore only male mice to avoid effects of estrogens to the extent of 
lesion development and diminishing LDL oxidation (Caligiuri et al., 1999; Yang et al., 2004). 
As cardiovascular disorders also occur in women, it would be valuable to also study female 
animal research subjects. Furthermore, it would give direction to research relating hormonal 
conditions to atherosclerosis. 
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Cholesterol lowering by diet is associated with a reduction in DNA damage, at least in 
animal models (Singh et al., 2009). In general, modification of atherosclerotic risk factors by 
lipid lowering therapies, cessation of smoking, weight loss, and improved glucose control 
reduces circulating markers of inflammation. These and other findings suggest that 
inflammation is a primary process for atherosclerosis (Ziccardi et al., 2002; Rodriguez-
Moran et al., 2003). Although high dietary intake of the anti-oxidant vitamin E and C has 
been associated with reduced risk of cardiovascular disease (CVD), well powered clinical 
trials in atherosclerosis-related CVD have indicated that supplements with vitamin C or 
vitamin E alone do not provide sufficient benefit, in comparison to, for example, statins 
(Kunitomo et al., 2009). Furthermore, specific antioxidants scavenge or metabolize some, but 
not all of the relevant oxidized molecules (Stocker and Keaney, 2004). Stocker and Keaney 
(2005) conclude that whenever a physiological process goes unchecked in case of disease, 
treatment strategies cannot simply rely on scavenging ROS. Nonetheless, drugs that have 
been proven to alter plaque progression have also been shown to alter vascular oxidative 
stress. For example, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoA) 
inhibitors (Statins) reduce NAD(P)H oxidase activation and superoxide production in vitro, 
in part because of their capability to inhibit the membrane translocation (and thus activity) 
of the small GTP-binding protein Rac-1, which is a regulatory component of vascular 
NAD(P)H oxidase activation (Costopoulos et al., 2008). In conclusion, it appears that 
beneficial therapeutic treatments to prevent atherosclerosis include lowering of lipid levels 
and also reduction of oxidative stress. However, restricting a treatment to only reduction of 
oxidative stress does not appear to generate sufficient beneficial effects to counteract 
atherosclerosis. 

2. The effects of cholesterol challenges that result in atherogenesis on 
TSPO binding density in aorta and heart 

As apoE deficiency may increase cholesterol levels and induce NO generation, which in turn 
may affect TSPO function, we were interested to study whether TSPO binding 
characteristics may be affected in heart and aorta of apoE-knockout (B6.129P2-apoEtm1 N11) 
mice, in comparison to their C57BL/6 background mice (i.e. wild type, WT). For the present 
study homogenates of whole heart organ and aorta segments (aortic arch and 
descendending aorta) were used. For this approach, it was taken into consideration that 
accumulation of proatherogenic lipid affects all cells types present into vascular wall, and 
the response of the entire tissue to the cholesterol exposure is relevant as an indication of 
vascular defense as a whole (Hoen et al., 2003). All procedures with the animals were in 
accordance with National Institutes of Health (USA) guidelines for the care and use of 
experimental animals (NIH publication No. 85-23, revised 1996), and the experimental 
protocol was reviewed and approved by the local ethics committee. The mice were housed 
in polycarbonate cages in a pathogen – free facility set on a 12h light-dark cycle and given ad 
libitum access to water and standard laboratory feed. Prior to the experimental procedures, 
the rats were fed a commercial standard pellet feed (Filpaso, 52.11, Skopje, Republic of 
Macedonia), named “standard feed” hereafter.  
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cholesterol is being transported in HDL-like particles (Whitman, 2004; Singh et al., 2009; 
Vilahur et al., 2011). Furthermore, all of the existing animal models, including biological and 
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Cholesterol lowering by diet is associated with a reduction in DNA damage, at least in 
animal models (Singh et al., 2009). In general, modification of atherosclerotic risk factors by 
lipid lowering therapies, cessation of smoking, weight loss, and improved glucose control 
reduces circulating markers of inflammation. These and other findings suggest that 
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Moran et al., 2003). Although high dietary intake of the anti-oxidant vitamin E and C has 
been associated with reduced risk of cardiovascular disease (CVD), well powered clinical 
trials in atherosclerosis-related CVD have indicated that supplements with vitamin C or 
vitamin E alone do not provide sufficient benefit, in comparison to, for example, statins 
(Kunitomo et al., 2009). Furthermore, specific antioxidants scavenge or metabolize some, but 
not all of the relevant oxidized molecules (Stocker and Keaney, 2004). Stocker and Keaney 
(2005) conclude that whenever a physiological process goes unchecked in case of disease, 
treatment strategies cannot simply rely on scavenging ROS. Nonetheless, drugs that have 
been proven to alter plaque progression have also been shown to alter vascular oxidative 
stress. For example, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoA) 
inhibitors (Statins) reduce NAD(P)H oxidase activation and superoxide production in vitro, 
in part because of their capability to inhibit the membrane translocation (and thus activity) 
of the small GTP-binding protein Rac-1, which is a regulatory component of vascular 
NAD(P)H oxidase activation (Costopoulos et al., 2008). In conclusion, it appears that 
beneficial therapeutic treatments to prevent atherosclerosis include lowering of lipid levels 
and also reduction of oxidative stress. However, restricting a treatment to only reduction of 
oxidative stress does not appear to generate sufficient beneficial effects to counteract 
atherosclerosis. 

2. The effects of cholesterol challenges that result in atherogenesis on 
TSPO binding density in aorta and heart 

As apoE deficiency may increase cholesterol levels and induce NO generation, which in turn 
may affect TSPO function, we were interested to study whether TSPO binding 
characteristics may be affected in heart and aorta of apoE-knockout (B6.129P2-apoEtm1 N11) 
mice, in comparison to their C57BL/6 background mice (i.e. wild type, WT). For the present 
study homogenates of whole heart organ and aorta segments (aortic arch and 
descendending aorta) were used. For this approach, it was taken into consideration that 
accumulation of proatherogenic lipid affects all cells types present into vascular wall, and 
the response of the entire tissue to the cholesterol exposure is relevant as an indication of 
vascular defense as a whole (Hoen et al., 2003). All procedures with the animals were in 
accordance with National Institutes of Health (USA) guidelines for the care and use of 
experimental animals (NIH publication No. 85-23, revised 1996), and the experimental 
protocol was reviewed and approved by the local ethics committee. The mice were housed 
in polycarbonate cages in a pathogen – free facility set on a 12h light-dark cycle and given ad 
libitum access to water and standard laboratory feed. Prior to the experimental procedures, 
the rats were fed a commercial standard pellet feed (Filpaso, 52.11, Skopje, Republic of 
Macedonia), named “standard feed” hereafter.  
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At 16 weeks of age, animals were randomized into experimental groups: i) Two control 
groups (WT mice, n = 10) and (apoE KO mice, n = 10), both these control groups received 
standard feed for a additional period of 10 weeks; ii) Two experimental groups receiving the 
same feed for the same 10 weeks but supplemented with 1% cholesterol (1% WT mice, n = 
10) and (1% apoE KO mice, n= 10); and iii) Two experimental groups received the same feed 
for the same 10 weeks but supplemented with 3% cholesterol (3% WT mice, n = 10) and (3% 
apoE KO mice, n = 10). After these 10 weeks, animals were sacrificed by cardiac puncture, 
under ketamine/xylazine anaesthesia, followed by the appropriated storage until 
application or procedures required for assays of TSPO binding characteristics, ROS 
parameters, and histopathology, as described in detail previously (Dimitrova-Shumkovska 
et al., 2010 a, b, c, 2012).  Tissue homogenates of aorta and heart were prepared for our 
various assays. For TSPO binding assays, tissue homogenates were prepared in 50 mM PBS 
on ice with a Kinematika Polytron (Luzerne, Switzerland), as described previously 
(Dimitrova-Shumkovska et al., 2010 a, b, c). To prepare homogenates for assays of oxidative 
stress parameters, we used an Ultrasonic Homogenizer (Cole-Parmer Instrument Co., 
Chicago, IL) as described previously (Dimitrova-Shumkovska et al., 2010 a, b, c). For 
advanced oxidation protein products (AOPPs, Witko-Sarsat et al., 1996), tissue homogenates 
were prepared in 50 mM PBS at + 4 ºC, as described previously (Dimitrova-Shumkovska et 
al., 2010 a, b, c).  For the other assays of oxidative stress (see below), tissue homogenates 
were prepared in 1.12 % KCl at + 4 ºC, as described previously (Dimitrova-Shumkovska et 
al., 2010 a, b, c).  These later parameters of oxidative injury included: lipid peroxidation 
products [TBARs] (Draper and Hadley, 1990); protein carbonylation, PC (Shacter, 2000); 
superoxide dismutase activity (SOD assay kit, RA20408, Fluka, Biochemika, Steinheim, 
Germany), glutathione (GSH assay kit CS0260, Sigma-Aldrich, Steinheim, Germany), 
glutathione reductase (GSSG-Red), GRSA 114K4000, Sigma-Aldrich, Steinheim, Germany], 
Finally, aortas were prepared for anatomical observation and histopathology as described 
previously (Dimitrova-Shumkovska et al., 2010 a, b, c).  

Effects of cholesterol supplements to the apoE KO mice on plaque formation in the aorta are 
shown in Figure 1. No atherosclerotic formation was found in WT mice regardless of diet 
(Figure 1A). Control aortas of apoE KO mice having access to standard feed are 
characterized by the presence of thin fibrous tissue caps i.e. encapsulations of collagen rich 
fibrous tissue without a necrotic core that showed only superficial accumulation of foam 
cells (Figure 1B). Cholesterol diet accelerated atherosclerosis in apoE KO mice, increasing 
the total surface area of plaque formation significantly over the intimal area (Figure 1C) 
compared to apoE mice receiving standard feed. In 1% cholesterol fed apoE KO mice, 
expansion of the necrotic core presenting an important pathogenic process contributing to 
plaque vulnerability was observed in comparison to standard fed apoE mice (Figure 1C). 
After administration of 3% cholesterol diet to apoE KO mice even more advanced lesions 
have developed. Initial xanthoma formation, cartilage tissue, and calcified nodules with an 
underlying fibrocalcific plaque with minimal or absence of necrosis occurred (Figure 1D). 
Furthermore, plaques become more progressive and lesions show luminal stenosis with 
pathologic intimal thickening. These observations are in line with other research data, where 
plague rupture was seen in apoE KO mice especially when exposed to western type diet 
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(Davignon et al., 1999; Johnson et al., 2005). ApoE KO mice can also develop interplaque 
hemorrhage and features of plaque instability that are accelerated by feeding westernized 
diet (Rosenfeld et al., 2000). “Western type diets for mice” typically utilize just one 
ingredient (milk fat or lard) as the primary source of energy from fat. 

 

 
Figure 1. Representative cross-sections of mice aortas. A) No atherosclerotic lesions were found in 
wild-type mice regardless of the diet; B) atherosclerotic plaque (outlined) 
characterized by a thin fibrous tissue cap (elbow black arrow), particularly ssuperficial accumulation of 
foam cells (green arrow) without a necrotic core and encapsulated by collagen rich fibrous tissue in 
apoE KO mice given standard feed; C) accelerated atherosclerosis and deposition of cholesterol crystals 
(black arrow) in the endothelium of the aorta wall in 1% apoE KO; D) advanced lesions are developed 
in 3% apoE mice. Initial xanthoma formation, cartilage tissue (asterix) and calcified nodules (yellow 
arrow) with an underlying fibrocalcific plaque with minimal or absence of necrosis occur (H&E 
staining, microscopic magnification applied x 100).  
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Table 1. Effects of cholesterol (Chol) supplemented diet for 10 weeks, on lipoprotein levels in apoE KO 
mice and their WT counterparts. Unpaired Student t-test was performed. Data are expressed as mean ± 
SD; * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

Changes in the serum levels of total cholesterol, triglycerides and HDL-cholesterol in each 
group are shown in Table 1. Corroborating previous studies (Davignon et al., 1999; Seo et 
al., 2005; Zhao et al., 2008) at 16 weeks of age, even before application of the cholesterol 
enriched diets, apoE KO mice, already displayed approximately 5 times higher levels of 
total cholesterol in comparison with WT mice. At this time point, no significant differences 
in triglycerides (TAG) levels were observed between WT mice and apoE KO mice. However, 
3% diet regimes, caused significant increases in total cholesterol level in apoE KO mice (by 
44%, p < 0.001), compared to standard feed. The enhanced total cholesterol levels, included 
an almost 90% representation of non HDL – cholesterol (calculated from Friedewald 
formula; Friedewald et al., 1972). In contrast, 3% WT mice, showed significantly higher 
cholesterol levels (by 62%, p < 0.01), including an almost 70% representation of HDL-
lipoproteins. Supplement of 3% cholesterol also provoked significantly higher triglycerides 
levels: by 35 % (p < 0.01) in apoE mice and by 36% (p < 0.01) in WT mice. Supplement of 1% 
cholesterol, resulted in slight increases in total cholesterol in apoE mice (by 20%, p < 0.05), 
but did not significantly affect the triglycerides levels. The same type of diet did not affect 
lipoprotein levels in WT mice.  

In the aorta, 3% cholesterol diet supplement, caused significant increases in “steady-state” 
levels of lipid peroxides (TBARs) and oxidized proteins in WT as well as apoE KO mice 
(Table 2). In detail, regarding lipid peroxidation, TBARs production was significantly 
increased by 2 fold in WT and apoE KO mice subjected to 3% cholesterol supplemented diet 
(+100%, p < 0.01 for WT mice, and +125%, p < 0.001 for ApoE KO mice). In parallel, protein 
oxidation products levels (AOPP) were also significantly higher (+135%, p < 0.01 in 3% WT 
mice and +177%, p < 0.001, in 3% apoE KO mice). Protein carbonyls (PC) showed a slight but 
non-significant increase in 3% cholesterol fed WT and apoE KO mice, compared to their 
controls. In contrast to the 3% diet regime, 1% cholesterol supplemented diet did not affect 
ROS parameters in aortic tissue in both WT and apoE KO mice.  

                           Plasma  lipoprotein  levels mg/dL
Strain               Chol                TAG                   HDL

wk C 1% 3% C 1% 3% C 1% 3%

 WT 16   67.7 ± 23.3 88.07 ± 28.0 110.0 ± 27.0**  71.0 ± 18.4  71.5 ± 5.1  97.5 ± 16.2** 33.2 ± 5.1 33.6 ± 10.8    74.7 ± 10.8***

                           Plasma  lipoprotein  levels mg/dL
Strain               Chol                TAG                   HDL

wk C 1% 3% C 1% 3% C 1% 3%

Apo E (-/-) 16 383.7 ± 47.3 457.23 ± 62* 555.4 ± 83.3*** 117.7± 24.5 105.6 ± 11.4 159.4 ± 59.0**   67.0 ± 37.5   66.6 ± 16.3   32.9 ± 11.4**
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Table 2. Effects of cholesterol (Chol) supplemented diet for 10 weeks on aorta oxidative stress 
parameters in apoE KO mice and their WT counterparts. 1-way ANOVA followed by application of the 
Tukey test to assess the significance of specific intergroup differences. Data are expressed as mean ± SD; 
* = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

The capacity of glutathione as an electron donor to regenerate the most important 
antioxidants (vitamin E, glutathione peroxidase (GPx), lipid hydroperoxides), is linked with 
the redox state of the glutathione disulfide – glutathione couple GSSG/2GSH (Schafer and 
Buettner, 2001). This in turn, has a high impact on the overall redox environment in the cell.  
Concerning antioxidant activities in aorta tissue due to 3% cholesterol supplemented feed, 
significantly reduced activity of superoxide dismutase (SOD) was measured in 3% apoE KO 
mice compared to standard feed mice (- 41%, Table 3). The results also suggest a significant 
reverse interaction between glutathione level (GSH) and glutathione peroxidase (GPx) 
activity in aorta tissue. In particular, the analyzed results indicated that the glutathione 
content in aorta of 3% apoE animals was significantly decreased (-32%), with 
simultaneous slight, but significant enhancement achieved in activity of glutathione 
peroxidase (+10%), as compared to standard feed control (p < 0.05). In parallel, 
glutathione content in aorta was also significantly reduced in 3% WT mice for 70% (p < 
0.01), without affecting GPx levels. Feeding the mice diet supplemented with 1% 
cholesterol, resulted in significantly reduced activity in SOD in apoE KO mice (by 33% p < 
0.05) and in WT mice (by 47% p < 0.05). 

To determine TSPO binding characteristics in this paradigm we applied binding assays with 
the TSPO specific ligand [3H] PK 11195. The present study sought to determine whether 
cholesterol supplementation affects TSPO binding characteristics in aorta and heart of apoE 
KO mice in association with parameters for oxidative stress. Binding assays of the heart and  

Variables / Aorta  WT Control 1% Chol 3% Chol

 TBARs nmol/mg 0.16 ± 0.04 (n=8)    0.17 ± 0.06   (n=7)     0.32 ± 0.08**  (n=8)

 AOPP   nmol/mg 37.1 ± 11.3 (n=7)     44.1 ± 19.3    (n=8)    86.8 ± 21.4**  (n=8)

 PC        pmol/mg 45.7 ± 11.0 (n=7)     55.2 ± 22.8   (n=8)     55.3 ± 11.8      (n=8)

Variables / Aorta  Apo E Control 1% Chol 3% Chol

 TBARs nmol/mg 0.24 ± 0.07 (n=8)     0.29 ± 0.11    (n=8)     0.54 ± 0.25***  (n=10)

 AOPP   nmol/mg 22.0 ± 17.1 (n=8)      27.9 ± 7.1      (n=8)    60.5 ± 30.6*** (n=10)

 PC        pmol/mg   46.6 ± 20.3 (n=8)     45.3 ± 11.3     (n=8)     52.1 ± 10.6      (n=12)
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0.05) and in WT mice (by 47% p < 0.05). 
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Table 3. Effects of cholesterol (Chol) supplemented diet for 10 weeks on aorta antioxidant parameters 
in apoE KO mice and their WT counterparts. Unpaired Student t-test was performed. Data are 
expressed as mean ± SD; * = p < 0.05, ** = p < 0.01. 

aorta with the TSPO specific ligand [3H]PK 11195 were done to determine potential effects of 
cholesterol supplementation on TSPO binding characteristics, according to methods 
described previously (Dimitrova-Shumkovska et al., 2010 a,b,c). For representative examples, 
see Figure 2. In heart , only in WT mice significant decreases in the Bmax of TSPO (- 42%, p < 
0.001) was determined with [3H]PK 11195 binding as a consequence of both cholesterol 1% and 
3% supplemented diets, compared to control standard fed WT mice. Regarding the apoE KO 
mice, cholesterol supplemented diet did not induce differences in the TSPO binding 
characteristics in the heart (Table 4). Regarding heart tissues, both in the apoE KO groups and 
WT groups, Kd values determined with [3H] PK 11195 binding were in the nM range (0.6 – 1.6 
nM) showing no significant differences between experimental and control groups. 

Regarding the aorta, feeding the mice with standard feed was not accompanied by 
significant differences in the TSPO binding characteristics of the aorta of apoE KO mice 
versus WT mice (Table 4). Interestingly, these mouse aortas showed very TSPO binding 
levels, comparable to those observed in the adrenal of rats (Gavish et al., 1999). To date, the 
adrenal of rats is the tissue with one of highest demonstrated Bmax for TSPO ligand binding 
(Gavish et al., 1999). The 1% cholesterol supplemented diet significantly reduced TSPO 
binding capacity in aorta in both WT and apoE KO mice. In particular, reductions by 49% in 
WT mice and by 32% in apoE KO mice (p < 0.001 and p < 0.01, respectively) compared to 
their standard feed controls were observed (Table 4). The 3% cholesterol diet also provoked 
a reduction in TSPO binding density by 58% in the aorta (p < 0.01), but only in WT mice. In 
the aortas of both groups, apoE KO mice and WT mice, Kd values determined with [3H] PK 
11195 binding were in the nM range (1.5 – 2.6 nM), showing no significant differences 
between the groups.  

Variables / Aorta WT Control 1% Chol 3% Chol

SOD U/mg 4.76 ± 1.5 (n=9) 2.5 ± 0.9*  (n=7)   1.45 ± 0.6**  (n=7)

GSH   nmol/mg 7.8 ± 4.2 (n=9) 8.3 ± 3.7 (n=9)  3.7 ± 0.8** (n=9)

GPx  mU/mg 0.261 ± 0.01 (n=8) 0.273 ± 0.01 (n=8)  0.257 ± 0.03 (n=8)

Variables / Aorta  Apo E Control 1% Chol 3% Chol

SOD U/mg 6.87 ± 1.6 (n=7) 4.6 ± 1.1*    (n=6)     4.05 ± 0.88*  (n=8)

GSH   nmol/mg 6.7 ± 2.9 (n=9) 7.4 ± 2.7 (n=9)  4.5 ± 2.0* (n=9)

GPx   mU/mg 0.242 ± 0.02 (n=9) 0.256 ± 0.01*(n=7)  0.266 ±0.03* (n=7)
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Figure 2. Representative examples of saturation curves (A, C, E, G) and their Scatchard plots (B, D, F, 
H) of [3H]PK 11195 binding to membrane homogenates of aorta, respectively of WT mice (A , B, C, D) 
and apoE KO mice (E, F, G, H). Abbreviations: apoE KO = apolipoprotein deficient mice; WT- wild type 
mice; B: bound; B/F: bound over free.  
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between the groups.  
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Figure 2. Representative examples of saturation curves (A, C, E, G) and their Scatchard plots (B, D, F, 
H) of [3H]PK 11195 binding to membrane homogenates of aorta, respectively of WT mice (A , B, C, D) 
and apoE KO mice (E, F, G, H). Abbreviations: apoE KO = apolipoprotein deficient mice; WT- wild type 
mice; B: bound; B/F: bound over free.  
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As the effects on TSPO binding density in heart and aorta due to intake of cholesterol 
supplemented diet take place primarily in the WT groups, and especially not in the 3% 
cholesterol diet fed apoE KO mice, these data suggest that decreases of TSPO binding 
density in heart and aorta may serve to counteract processes typically leading to 
cardiovascular damage, including atherosclerosis, as explained in more detail in the 
Discussion. 
 

 
 

 
Table 4. Average Bmax values fmoles / mg protein and Kd values (nM) of [3H]PK 11195 binding to TSPO 
in aorta and heart homogenates of WT (Bb-Control) and apoE KO mice, fed with standard feed, and 
feed supplemented with 1% and 3% cholesterol (Chol). One-way analysis of variance ANOVA was 
used, with Mann-Whitney as the post-hoc, non-parametric test. Data are expressed as mean ± SD; * = p < 
0.05, ** = p < 0.01, *** = p < 0.001 vs. control. 

3. Discussion 

There is strong evidence that accumulation of plasma derived lipoproteins in the arterial 
wall launches specific cell reactions that account for atherosclerosis process: enhanced NO 
production, amplification of the inflammatory response, apoptosis, endothelial function 
impairment, enhanced smooth muscle cell migration and proliferation, and macrophage 
foam cell formation (Steinberg et al., 2002; Whitman, 2004; Zhao et al., 2008; Singh et al., 
2009). Mice lacking apoE have a substantial delay in the metabolism of lipoproteins, 
particularly VLDL, even fed with a regular standard chow feed (Hoen et al., 2003; Kato et 
al., 2009). Lesions in apoE-deficient mouse have many features in common with human 
atherosclerosis, even that the progression can be advantageous in many experimental 
situations (Dansky et al, 1999). At 26 weeks, atherosclerotic lesions are in the early stages of 
development, characterized by lipoprotein accumulation, leukocyte gathering, and foam cell 
formation. This model develops atherosclerotic lesions which progress to occlusion of 

Bb - wild type mice
 Bb - Control    Bb - 1% Chol.  Bb - 3 % Chol.

Tissue B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n

Heart 1740 ± 180 0.65 ± 0.1 5 1005 ± 240** 1.12 ± 0.3 6 1006 ± 140 ** 1.32 ± 0.5 5

Aorta 29 000 ± 9700 2.50 ± 1.2 9 14 900 ± 3370*** 2.31 ± 0.8 6 12 200 ± 2920** 2.62 ± 0.5 5

Apo E KO mice
Apo E - Control Apo E - 1% Chol. Apo E - 3 % Chol.

Tissue B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n

Heart 1590 ± 390 0.92 ± 0.4 5  1260 ± 370 1.57 ± 0.8 7  2 580 ± 1890 1.62 ± 0.9 7

Aorta 24 500 ± 4100 1.9 ± 1.0 9    16 670 ± 3800 ** 1.48 ± 0.5 7 20 800 ± 6850 2.68 ± 1.44 7
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coronary artery by 8th to 11 months after regular feeding (Piedrahita et al., 1992; Whitman, 
2004). Aged (42-54 weeks) apoE KO mice develop intraplaque hemorrhage and plaque 
instability features, accelerated by feeding westernized diets (Seo et al., 2005; Singh et al., 
2009). We found, similar to previous observations, advanced fibrous plaque development 
accompanying prolonged cholesterol feeding (Figure 1C) in apoE mice but not in WT mice. 
Another study by Molnar et al. (2005) showed that although high fat feeding induced 
endothelial cell dysfunction in WT mice, it did not enhance neointimal formation in WT 
mice. Also in WT rats, a high fat, high cholesterol diet does not appear to lead to 
atherosclerosis, although modest morphological alterations in the aortic wall could be 
observed (Dimitrova-Shumkovska et al., 2010a) 

We also checked in blood plasma of apoE KO and WT mice the levels of total cholesterol, 
including triglycerides, high-density lipoprotein and low-density lipoprotein, since it can 
increase the risk of heart disease and atherosclerosis (Steinberg, 2002; Stocker and Keany, 
2004, 2005). Mice naturally have high levels of HDL and low levels of LDL, lacking the 
cholesterol ester transfer protein, an enzyme responsible for trafficking cholesterol from 
HDL to VLDL and LDL. As reported also by others previously, we found clear cut 
differences in abundance of cholesterol related particles between apoE KO mice and WT 
mice (Table 1), (Hoen et al., 2003; Kato et al., 2009). In particular, each group of apoE KO 
mice had five times more plasma cholesterol than their WT counterparts. The apoE KO mice 
also always had higher TAG levels. HDL levels in apoE KO mice supplied with standard 
feed and 1% cholesterol supplemented diet was also twice as high than in WT mice. 
Interestingly, 3% cholesterol supplemented diet resulted in a reversal, meaning that HDL 
levels (i.e. “good” HDL-lipoproteins) in WT mice became twice as high as in apoE KO mice 
(Table 1). The generally low LDL cholesterol levels in WT mice even with cholesterol 
supplemented diet may be due to the capability of WT mice to efficiently suppress the 
percentage of dietary cholesterol absorption by increasing the excretion of gallbladder 
biliary cholesterol concentration (Sehayek et al., 2000).  

We used this model, of apoE KO mice fed with cholesterol supplemented diet that shows 
well developed atherosclerosis, to assess oxidative stress in the aorta in correlation with 
TSPO binding density and atherosclerosis. For this purpose, homogenates of the aorta were 
used for ROS analysis and antioxidant enzymes activities. As accumulation of 
proatherogenic lipid affects all cell types present within the vascular wall, the response of 
the entire tissue vs. isolated cells to the hyperlipidemic conditions is relevant as an 
indication of vascular defense as a whole. The increase in plasma cholesterol levels was 
paralleled by changes in oxidative stress parameters in WT mice and ApoE KO mice, as 
discussed in detail below.  

An indicator of cellular defence capacity against oxidative stress is the presence of reduced 
GSH, which we determined in the aorta homogenates after application of feed with 
cholesterol supplements. As seen in table 3, a reduction of GSH content in was evident 
compared to the corresponding controls, when 3% cholesterol diet was administered to WT 
as well as apoE mice. This shows that cholesterol diet regime indeed constitutes an elevated 
risk factor for ROS formation, due to a reduction in GSH levels in this model. It has been 
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As the effects on TSPO binding density in heart and aorta due to intake of cholesterol 
supplemented diet take place primarily in the WT groups, and especially not in the 3% 
cholesterol diet fed apoE KO mice, these data suggest that decreases of TSPO binding 
density in heart and aorta may serve to counteract processes typically leading to 
cardiovascular damage, including atherosclerosis, as explained in more detail in the 
Discussion. 
 

 
 

 
Table 4. Average Bmax values fmoles / mg protein and Kd values (nM) of [3H]PK 11195 binding to TSPO 
in aorta and heart homogenates of WT (Bb-Control) and apoE KO mice, fed with standard feed, and 
feed supplemented with 1% and 3% cholesterol (Chol). One-way analysis of variance ANOVA was 
used, with Mann-Whitney as the post-hoc, non-parametric test. Data are expressed as mean ± SD; * = p < 
0.05, ** = p < 0.01, *** = p < 0.001 vs. control. 

3. Discussion 

There is strong evidence that accumulation of plasma derived lipoproteins in the arterial 
wall launches specific cell reactions that account for atherosclerosis process: enhanced NO 
production, amplification of the inflammatory response, apoptosis, endothelial function 
impairment, enhanced smooth muscle cell migration and proliferation, and macrophage 
foam cell formation (Steinberg et al., 2002; Whitman, 2004; Zhao et al., 2008; Singh et al., 
2009). Mice lacking apoE have a substantial delay in the metabolism of lipoproteins, 
particularly VLDL, even fed with a regular standard chow feed (Hoen et al., 2003; Kato et 
al., 2009). Lesions in apoE-deficient mouse have many features in common with human 
atherosclerosis, even that the progression can be advantageous in many experimental 
situations (Dansky et al, 1999). At 26 weeks, atherosclerotic lesions are in the early stages of 
development, characterized by lipoprotein accumulation, leukocyte gathering, and foam cell 
formation. This model develops atherosclerotic lesions which progress to occlusion of 

Bb - wild type mice
 Bb - Control    Bb - 1% Chol.  Bb - 3 % Chol.

Tissue B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n

Heart 1740 ± 180 0.65 ± 0.1 5 1005 ± 240** 1.12 ± 0.3 6 1006 ± 140 ** 1.32 ± 0.5 5

Aorta 29 000 ± 9700 2.50 ± 1.2 9 14 900 ± 3370*** 2.31 ± 0.8 6 12 200 ± 2920** 2.62 ± 0.5 5

Apo E KO mice
Apo E - Control Apo E - 1% Chol. Apo E - 3 % Chol.

Tissue B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n B max (fmol/mg) Kd (nmol) n

Heart 1590 ± 390 0.92 ± 0.4 5  1260 ± 370 1.57 ± 0.8 7  2 580 ± 1890 1.62 ± 0.9 7

Aorta 24 500 ± 4100 1.9 ± 1.0 9    16 670 ± 3800 ** 1.48 ± 0.5 7 20 800 ± 6850 2.68 ± 1.44 7
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coronary artery by 8th to 11 months after regular feeding (Piedrahita et al., 1992; Whitman, 
2004). Aged (42-54 weeks) apoE KO mice develop intraplaque hemorrhage and plaque 
instability features, accelerated by feeding westernized diets (Seo et al., 2005; Singh et al., 
2009). We found, similar to previous observations, advanced fibrous plaque development 
accompanying prolonged cholesterol feeding (Figure 1C) in apoE mice but not in WT mice. 
Another study by Molnar et al. (2005) showed that although high fat feeding induced 
endothelial cell dysfunction in WT mice, it did not enhance neointimal formation in WT 
mice. Also in WT rats, a high fat, high cholesterol diet does not appear to lead to 
atherosclerosis, although modest morphological alterations in the aortic wall could be 
observed (Dimitrova-Shumkovska et al., 2010a) 

We also checked in blood plasma of apoE KO and WT mice the levels of total cholesterol, 
including triglycerides, high-density lipoprotein and low-density lipoprotein, since it can 
increase the risk of heart disease and atherosclerosis (Steinberg, 2002; Stocker and Keany, 
2004, 2005). Mice naturally have high levels of HDL and low levels of LDL, lacking the 
cholesterol ester transfer protein, an enzyme responsible for trafficking cholesterol from 
HDL to VLDL and LDL. As reported also by others previously, we found clear cut 
differences in abundance of cholesterol related particles between apoE KO mice and WT 
mice (Table 1), (Hoen et al., 2003; Kato et al., 2009). In particular, each group of apoE KO 
mice had five times more plasma cholesterol than their WT counterparts. The apoE KO mice 
also always had higher TAG levels. HDL levels in apoE KO mice supplied with standard 
feed and 1% cholesterol supplemented diet was also twice as high than in WT mice. 
Interestingly, 3% cholesterol supplemented diet resulted in a reversal, meaning that HDL 
levels (i.e. “good” HDL-lipoproteins) in WT mice became twice as high as in apoE KO mice 
(Table 1). The generally low LDL cholesterol levels in WT mice even with cholesterol 
supplemented diet may be due to the capability of WT mice to efficiently suppress the 
percentage of dietary cholesterol absorption by increasing the excretion of gallbladder 
biliary cholesterol concentration (Sehayek et al., 2000).  

We used this model, of apoE KO mice fed with cholesterol supplemented diet that shows 
well developed atherosclerosis, to assess oxidative stress in the aorta in correlation with 
TSPO binding density and atherosclerosis. For this purpose, homogenates of the aorta were 
used for ROS analysis and antioxidant enzymes activities. As accumulation of 
proatherogenic lipid affects all cell types present within the vascular wall, the response of 
the entire tissue vs. isolated cells to the hyperlipidemic conditions is relevant as an 
indication of vascular defense as a whole. The increase in plasma cholesterol levels was 
paralleled by changes in oxidative stress parameters in WT mice and ApoE KO mice, as 
discussed in detail below.  

An indicator of cellular defence capacity against oxidative stress is the presence of reduced 
GSH, which we determined in the aorta homogenates after application of feed with 
cholesterol supplements. As seen in table 3, a reduction of GSH content in was evident 
compared to the corresponding controls, when 3% cholesterol diet was administered to WT 
as well as apoE mice. This shows that cholesterol diet regime indeed constitutes an elevated 
risk factor for ROS formation, due to a reduction in GSH levels in this model. It has been 
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reported that ROS induce vascular cells to express cell adhesion molecules that trigger 
adhesion of leukocytes to the endothelium, which is part of the initiation atherosclerosis 
(Yang et al., 2009). Interestingly, it was also found that TSPO expression correlates positively 
with expression of adhesion molecules (Bode et al., 2012; Veenman et al., 2012). This may 
suggest that the reduction in TSPO levels seen in this study may counteract adhesion of 
leukocytes to the endothelium, and thereby prevent initiation atherosclerosis in particular in 
WT mice.  

In accord with the observations of Hoen et al. (2003) that the mRNA levels of many 
antioxidant enzymes in apoE KO mice are higher (1.5 -5 fold) in the age of 6-15 weeks, 
compared to aged-matched wild type mice, we also saw that SOD activity were higher in 
aorta homogenates of apoE mice than those in age-matched WT mice (Table 3). Their 
hypothesis is that the aorta compensates for the oxidative stress induced by atherogenic 
stimuli, by stimulating the expression of antioxidant enzymes, thereby delaying the process 
of atheroma plaque formation. The latter was supported by Yang et al. (2004, 2009) 
providing evidence that over expression of catalase and superoxide dismutase delayed the 
development of atherosclerosis in apoE KO mice.  

To determine the potential involvement of the TSPO in effects of apoE dysregulation, we 
studied TSPO binding density in heart and aorta of apoE KO mice (B6.129P2-apoEtm1 N11) 
versus their wild type (WT) background mice, with and without inclusion of 1% and 3% 
cholesterol to the diet. TSPO has been detected in heart of normal mice before, and we found 
comparable levels in our control animals (Hashimoto et al., 1989; Weizman et al., 1992; Fares 
et al., 1990; Katz et al., 1994; Dumont et al., 1999). To our knowledge the present study is the 
first study regarding TSPO binding density in the aorta of mice, which are quite high (even 
comparable to TSPO levels in adrenal of rats (Gavish and Fares, 1985; Gavish et al., 1999). 
We found that enhanced cholesterol levels in the diet can result in reduced TSPO binding 
density in the aorta and heart of WT mice, as well as in the aorta of apoE mice (Table 4). The 
present study indicates that there is negative correlation between ROS parameters in heart 
tissue and TSPO binding density in cholesterol fed WT mice. Namely, in the heart of WT 
mice, the “steady state” levels of lipid peroxides (TBARs) showed a 2.5 fold enhancement 
after 3% cholesterol supplemented diet vs. a 1/3 fold enhancement in the group with 1% 
cholesterol supplemented diet. Regarding oxidized proteins in the heart tissues of WT mice 
fed with cholesterol supplements, AOPP and proteins carbonyls showed increases of 40% 
and 35%, respectively, regardless of the cholesterol percentage (data not shown). Such a 
relation between ROS parameters and TSPO binding density is not apparent in apoE mice, 
since in apoE mice little effect is seen on TSPO binding density. 

Also in a previous study, enhanced plasma lipid levels due to HFHC diet supplied to rats, 
enhanced oxidative stress parameters and decreased indicators for antioxidant activity in 
the aorta, which were associated with reduced TSPO density in this organ (Dimitrova-
Shumkovska et al., 2010a). Notably, wild type rats are not prone to develop atherosclerosis 
even when subjected to HFHC diet (Dimitrova-Shumkovska et al., 2010a). We have shown 
that reduction of TSPO expression by genetic manipulation in vitro in cell culture reduces 
mitochondrial ROS generation (Veenman et al., 2008, 2012; Zeno et al., 2009). We have 
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discussed previously that the reduced TSPO levels accompanying atherogenic challenges 
may be a compensatory mechanism to counteract oxidative stress in the aorta and liver 
(Dimitrova-Shumkovska et al., 2010 a, b, c). This would be in effect similar to increased 
levels of SOD observed, which also counteract oxidative stress (see above). Our present 
study suggests that reduced TSPO binding density as observed in WT mice subjected to 
cholesterol supplemented diet may counteract oxidative stress as one mechanism to 
attenuate the development of atherosclerosis. As TSPO binding density is not affected in 
apoE mice subjected to cholesterol supplemented diet mentioned TSPO dependent 
mechanism is not available for apoE KO mice to counteract development of atherosclerosis. 
Presently, it is not known which components of the vascular wall, i.e. mast cells, smooth 
muscular, or dermal vascular endothelial cells, would be important for the potential 
correlation between TSPO expression, oxidative stress, and atherosclerosis (Stoebner et al., 
1999; 2001; Morgan et al., 2004; Veenman and Gavish, 2006; Dimitrova-Shumkovska et al., 
2010 a, b, c).  

It can be assumed from the present study, that oxidative stress parameters do not absolutely 
correlate with the development of atherosclerotic lesions (because supplementation with 1% 
of cholesterol to the diet does not affect oxidative stress), but the absolute levels of 
cholesterol do correlate with atherosclerotic development. Nonetheless, enhancement of 
cholesterol percentage from 1% to 3% in the diet resulted in significant increases in ROS 
parameters of WT and apoE KO mice in comparison to their control groups, and also 
provoked advanced lesion formation in aortic intimae in apoE KO mice fed a 3% cholesterol 
supplemented diet (but not in WT mice). TSPO binding density is reduced due to 
cholesterol intake in particular in WT mice and such changes in TSPO binding density in 
WT mice are in negative correlation with oxidative stress measured in heart and aorta. We 
believe the reductions in TSPO binding density in WT mice are compensatory for oxidative 
stress and atherosclerotic development. Thus, the lack of a significant decrease in TSPO 
binding density in the aorta of 3% cholesterol fed apoE KO mice may actually correlate with 
the enhanced atherosclerosis in this model. The capability of apoE KO mice fed with 1% 
cholesterol to reduce TSPO binding density in the aorta may present a rudimentary anti-
atherosclerosis protective capacity. In conclusion, this study is in accord with previous 
studies suggesting that reductions in arterial TSPO binding density are part of a mechanism 
counteracting the development of atherosclerosis.  A question is how the presence of apoE, 
in combination with enhanced dietary cholesterol levels, can result in suppression of TSPO 
binding density. It is also important to find out how in a mechanistic sense a reduction in 
TSPO levels can contribute to self protection against the development of atherosclerosis. 

Explanation of abbreviations and symbols: ACS, acute coronary syndrome; ANOVA, 
analysis of variance; (AOPPs), advanced oxidation protein products; ApoE-/- KO, 
apolipoprotein E knockout mice; cAMP, adenosine 3,5-cyclic monophosphate; CBR, central-
type benzodiazepine receptor; DBI, Diazepam Binding Inhibitor; CAM, cell adhesion 
molecule; CVD, cardiovascular disease; HDL, high-density lipoprotein; HFHC- high fat high 
cholesterol diet; HMGCoA, 3-hydroxy-3-methylglutaryl coenzyme A reductase; H2O2, 

hydrogen peroxide; Hb, hemoglobin; IL-1, interleukin-1 (IL-2, etc.); kDa, kilodalton; Kd, 
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reported that ROS induce vascular cells to express cell adhesion molecules that trigger 
adhesion of leukocytes to the endothelium, which is part of the initiation atherosclerosis 
(Yang et al., 2009). Interestingly, it was also found that TSPO expression correlates positively 
with expression of adhesion molecules (Bode et al., 2012; Veenman et al., 2012). This may 
suggest that the reduction in TSPO levels seen in this study may counteract adhesion of 
leukocytes to the endothelium, and thereby prevent initiation atherosclerosis in particular in 
WT mice.  

In accord with the observations of Hoen et al. (2003) that the mRNA levels of many 
antioxidant enzymes in apoE KO mice are higher (1.5 -5 fold) in the age of 6-15 weeks, 
compared to aged-matched wild type mice, we also saw that SOD activity were higher in 
aorta homogenates of apoE mice than those in age-matched WT mice (Table 3). Their 
hypothesis is that the aorta compensates for the oxidative stress induced by atherogenic 
stimuli, by stimulating the expression of antioxidant enzymes, thereby delaying the process 
of atheroma plaque formation. The latter was supported by Yang et al. (2004, 2009) 
providing evidence that over expression of catalase and superoxide dismutase delayed the 
development of atherosclerosis in apoE KO mice.  

To determine the potential involvement of the TSPO in effects of apoE dysregulation, we 
studied TSPO binding density in heart and aorta of apoE KO mice (B6.129P2-apoEtm1 N11) 
versus their wild type (WT) background mice, with and without inclusion of 1% and 3% 
cholesterol to the diet. TSPO has been detected in heart of normal mice before, and we found 
comparable levels in our control animals (Hashimoto et al., 1989; Weizman et al., 1992; Fares 
et al., 1990; Katz et al., 1994; Dumont et al., 1999). To our knowledge the present study is the 
first study regarding TSPO binding density in the aorta of mice, which are quite high (even 
comparable to TSPO levels in adrenal of rats (Gavish and Fares, 1985; Gavish et al., 1999). 
We found that enhanced cholesterol levels in the diet can result in reduced TSPO binding 
density in the aorta and heart of WT mice, as well as in the aorta of apoE mice (Table 4). The 
present study indicates that there is negative correlation between ROS parameters in heart 
tissue and TSPO binding density in cholesterol fed WT mice. Namely, in the heart of WT 
mice, the “steady state” levels of lipid peroxides (TBARs) showed a 2.5 fold enhancement 
after 3% cholesterol supplemented diet vs. a 1/3 fold enhancement in the group with 1% 
cholesterol supplemented diet. Regarding oxidized proteins in the heart tissues of WT mice 
fed with cholesterol supplements, AOPP and proteins carbonyls showed increases of 40% 
and 35%, respectively, regardless of the cholesterol percentage (data not shown). Such a 
relation between ROS parameters and TSPO binding density is not apparent in apoE mice, 
since in apoE mice little effect is seen on TSPO binding density. 

Also in a previous study, enhanced plasma lipid levels due to HFHC diet supplied to rats, 
enhanced oxidative stress parameters and decreased indicators for antioxidant activity in 
the aorta, which were associated with reduced TSPO density in this organ (Dimitrova-
Shumkovska et al., 2010a). Notably, wild type rats are not prone to develop atherosclerosis 
even when subjected to HFHC diet (Dimitrova-Shumkovska et al., 2010a). We have shown 
that reduction of TSPO expression by genetic manipulation in vitro in cell culture reduces 
mitochondrial ROS generation (Veenman et al., 2008, 2012; Zeno et al., 2009). We have 
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discussed previously that the reduced TSPO levels accompanying atherogenic challenges 
may be a compensatory mechanism to counteract oxidative stress in the aorta and liver 
(Dimitrova-Shumkovska et al., 2010 a, b, c). This would be in effect similar to increased 
levels of SOD observed, which also counteract oxidative stress (see above). Our present 
study suggests that reduced TSPO binding density as observed in WT mice subjected to 
cholesterol supplemented diet may counteract oxidative stress as one mechanism to 
attenuate the development of atherosclerosis. As TSPO binding density is not affected in 
apoE mice subjected to cholesterol supplemented diet mentioned TSPO dependent 
mechanism is not available for apoE KO mice to counteract development of atherosclerosis. 
Presently, it is not known which components of the vascular wall, i.e. mast cells, smooth 
muscular, or dermal vascular endothelial cells, would be important for the potential 
correlation between TSPO expression, oxidative stress, and atherosclerosis (Stoebner et al., 
1999; 2001; Morgan et al., 2004; Veenman and Gavish, 2006; Dimitrova-Shumkovska et al., 
2010 a, b, c).  

It can be assumed from the present study, that oxidative stress parameters do not absolutely 
correlate with the development of atherosclerotic lesions (because supplementation with 1% 
of cholesterol to the diet does not affect oxidative stress), but the absolute levels of 
cholesterol do correlate with atherosclerotic development. Nonetheless, enhancement of 
cholesterol percentage from 1% to 3% in the diet resulted in significant increases in ROS 
parameters of WT and apoE KO mice in comparison to their control groups, and also 
provoked advanced lesion formation in aortic intimae in apoE KO mice fed a 3% cholesterol 
supplemented diet (but not in WT mice). TSPO binding density is reduced due to 
cholesterol intake in particular in WT mice and such changes in TSPO binding density in 
WT mice are in negative correlation with oxidative stress measured in heart and aorta. We 
believe the reductions in TSPO binding density in WT mice are compensatory for oxidative 
stress and atherosclerotic development. Thus, the lack of a significant decrease in TSPO 
binding density in the aorta of 3% cholesterol fed apoE KO mice may actually correlate with 
the enhanced atherosclerosis in this model. The capability of apoE KO mice fed with 1% 
cholesterol to reduce TSPO binding density in the aorta may present a rudimentary anti-
atherosclerosis protective capacity. In conclusion, this study is in accord with previous 
studies suggesting that reductions in arterial TSPO binding density are part of a mechanism 
counteracting the development of atherosclerosis.  A question is how the presence of apoE, 
in combination with enhanced dietary cholesterol levels, can result in suppression of TSPO 
binding density. It is also important to find out how in a mechanistic sense a reduction in 
TSPO levels can contribute to self protection against the development of atherosclerosis. 

Explanation of abbreviations and symbols: ACS, acute coronary syndrome; ANOVA, 
analysis of variance; (AOPPs), advanced oxidation protein products; ApoE-/- KO, 
apolipoprotein E knockout mice; cAMP, adenosine 3,5-cyclic monophosphate; CBR, central-
type benzodiazepine receptor; DBI, Diazepam Binding Inhibitor; CAM, cell adhesion 
molecule; CVD, cardiovascular disease; HDL, high-density lipoprotein; HFHC- high fat high 
cholesterol diet; HMGCoA, 3-hydroxy-3-methylglutaryl coenzyme A reductase; H2O2, 

hydrogen peroxide; Hb, hemoglobin; IL-1, interleukin-1 (IL-2, etc.); kDa, kilodalton; Kd, 
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equilibrium dissociation constant; Km, equilibrium constant related to Michaelis-Menten 
kinetics (similarly, Kd, Ka, Keq, Ks); LDL, low density lipoproteins; mPTP, mitochondrial 
permeability transition pore; MCP-1, monocyte chemoatractant proteins-1; NADP, 
nicotinamide adenine dinucleotide phosphate; NADH, reduced nicotinamide adenine 
dinucleotide; PBR, peripheral-type benzodiazepine receptor; PC protein carbonyls; PK 
11195, 1-(2- chlorophenyl)-N-methyl-N-(1-methyl-prop1)-3 isoquinolinecarboxamide; 
ONOO-, peroxinitrite ; Ro5-4864, (4’- chlorodiazepam); ROS , reactive oxygen species; SOD, 
superoxide dismutase activity; TBARs, thiobarbituric acid reactive substances; TNF, tumor 
necrosis factor; TSPO, 18 kDa translocator protein; VCAM-1, vascular cell adhesion 
molecule; VSMCs, vascular smooth muscle cells. 
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1. Introduction 

Bacteria of the Corynebacterineae, a suborder of the Actinobacteria, comprise 
Mycobacterium, Corynebacterium, Nocardia, Rhodococcus and other genera. This suborder of 
high GC gram-positive bacteria includes a number of important human pathogens, such as 
Mycobacterium tuberculosis, Mycobacterium leprae and Corynebacterium diphtheriae, the 
causative agents of tuberculosis, leprosy and diphtheria, respectively. M. tuberculosis is the 
most medically significant species, a devastating human pathogen infecting around one-
third of the entire human population and responsible for more than 1 million deaths 
annually. The Corynebacterineae also includes non-pathogenic species such as 
Mycobacterium smegmatis, a saprophytic species, and Corynebacterium glutamicum, an 
industrial workhorse for the production of amino acids and other useful compounds. These 
relatively fast-growing species serve as useful models to study metabolic processes essential 
to the growth and survival of the slow-growing pathogens. 

All these bacteria share a common feature, a distinctive multilaminate cell wall composed of 
peptidoglycan, complex polysaccharides, and both covalently linked lipids and free 
lipids/lipoglycans (Fig. 1). Among them, mycolic acids are the hallmark of these species. 
These long chain α-branched, β-hydroxylated fatty acids are covalently linked to the 
arabinogalactan polysaccharide layer. This mycolic acid layer is complemented by a 
glycolipid layer to form an outer “mycomembrane” analogous to the outer membrane of 
Gram-negative bacteria. [1, 2]. The outer leaflet of the mycomembrane is composed of a 
variety of lipids including trehalose dimycolates (TDMs), glycopeptidolipids (GPLs), 
phthiocerol dimycocerosates (PDIMs), sulfolipids, phenolic glycolipids (PGLs), and 
lipooligosaccharides. Some of these lipids are widely distributed while others are restricted 
to particular species. For example, TDMs and their structural equivalents are found in both 
mycobacteria and corynebacteria, while PDIMs and PGLs are restricted to a subset of 
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mycobacteria. The structure and hydrophobic properties of the cell wall make it a potent 
permeability barrier that is responsible for intrinsic resistance of mycobacteria to an array of 
host microbiocidal processes, many antibiotics and sterilization conditions [3, 4]. Many of 
the cell wall components of pathogenic mycobacterial species are essential for pathogenesis 
and in vitro growth, hampering efforts to characterize the function of individual proteins in 
their assembly. In contrast, some non-pathogenic species such as C. glutamicum can tolerate 
the loss of major cell wall components, making them useful model systems for delineating 
processes involved in the assembly of core cell wall structures. 

 
Figure 1. Mycobacterial plasma membrane and cell wall with flow of key metabolic pathways. Some 
of the metabolites are exported to the mycomembrane. SLD, small lipid droplet; LD, lipid droplet; FA-
CoA, fatty acyl-CoA. See text for other abbreviations used in the figure.  

Studies on mycobacteria and corynebacteria provide a unique opportunity to illustrate the 
complexity and diversity of lipid metabolic pathways in bacteria. They have a significantly 
higher lipid content than other bacteria with cell wall lipids comprising ~40% of the dry cell 
mass. M. tuberculosis produces a diversity of lipids unparalleled in bacteria, from simple 
fatty acids to highly complex long chain structures such as mycolic acids. It has devoted a 
significant proportion of its coding capacity to lipid metabolism and produces about 250 
enzymes dedicated to fatty acid metabolism, which is around five times the number 
produced by Escherichia coli [5]. Lipid biosynthesis places a significant metabolic burden on 
the organism but is ultimately advantageous, allowing M. tuberculosis to survive and 
replicate in the inhospitable environment of host macrophages. While capable of de novo 
synthesis, these bacteria also scavenge and degrade host cell membrane lipids to acetyl-
CoA, via broad families of β-oxidation and other catabolic enzymes, for incorporation into 
their own metabolic pathways and to fuel cellular processes.  

The plasma membrane provides the platform for lipid metabolism. While some lipid 
metabolic reactions take place in the cytoplasm or cell wall, the plasma membrane is the 
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pivotal site for the metabolism of lipids. At the same time, this membrane must perform 
many other functions associated with energy production, nutrient uptake, protein export, 
and various sensing/signaling reactions. Studies on how these metabolic and cellular 
processes might be organized within bacterial plasma membranes are in their infancy. 
Understanding the homeostasis of the plasma membrane is particularly important in 
Corynebacterineae organisms because this structure must support the high biosynthetic 
demands of sustaining such a lipid-rich cell wall. In this chapter, we focus our discussion on 
processes of lipid metabolism that are critical for the biogenesis and maintenance of the 
plasma membrane, and illustrate the recent progress on our understanding of plasma 
membrane biogenesis in mycobacteria and corynebacteria. 

2. Functions of plasma membrane lipids in mycobacteria and 
corynebacteria 

In this section we will describe the functions of plasma membrane lipids. First, we will 
describe the functions of major structural phospholipids. We will then describe quantitatively 
minor lipids, which have important metabolic/physiological functions. Lastly, we will discuss 
the functions of neutral lipids because their biosynthesis is closely linked to phospholipid 
metabolism and neutral lipid storage is a critical part of plasma membrane homeostasis.  

2.1. Structural lipids 

Major structural components of the mycobacterial plasma membrane are phospholipids 
such as cardiolipin (CL), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and 
glycosylated PIs (i.e. phosphatidylinositol mannosides (PIM), lipomannans (LM) and 
lipoarabinomannans (LAM), see below). The ratio of these phospholipids may vary 
depending on the species and growth conditions [6-8]. For example, one study indicated 
that CL, PE, and PI/PIMs represent about 37, 32, and 28%, respectively, of the total 
phospholipids in the plasma membrane in M. smegmatis [9], while another reported the ratio 
in Mycobacterium phlei to be about 50, 10, and 40% [10]. Phosphatidylglycerol (PG), which is 
abundant in other bacteria, is a relatively minor species in mycobacteria. Deletion of the PI 
biosynthetic gene has been shown to be lethal in M. smegmatis [9], indicating that PI or 
glycosylated PIs are essential for mycobacterial viability. In M. tuberculosis, putative PI 
synthetase (Rv2612c) and PGP synthetase (Rv2746c, involved in CL synthesis) genes are 
predicted to be essential [11], while the PS synthetase gene (Rv0436c, involved in PE 
synthesis) is not [12]. In corynebacteria, major species of phospholipids are PI, PG, CL, and 
acylphosphatidylglycerol (APG) [13], and PE appears to be absent.  

CL is widely found in both prokaryotes and eukaryotes. It forms aggregates within the 
membrane bilayer. Nonyl acridine orange (NAO) is a fluorescent dye which is proposed to 
bind the hydrophobic surface created by the CL cluster [14], allowing microscopic 
visualization of CL domains. Indeed, using NAO, CLs were found to be enriched in septa 
and poles of actively dividing M. tuberculosis and M. smegmatis cells [15, 16]. CL has a non-
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2. Functions of plasma membrane lipids in mycobacteria and 
corynebacteria 

In this section we will describe the functions of plasma membrane lipids. First, we will 
describe the functions of major structural phospholipids. We will then describe quantitatively 
minor lipids, which have important metabolic/physiological functions. Lastly, we will discuss 
the functions of neutral lipids because their biosynthesis is closely linked to phospholipid 
metabolism and neutral lipid storage is a critical part of plasma membrane homeostasis.  

2.1. Structural lipids 

Major structural components of the mycobacterial plasma membrane are phospholipids 
such as cardiolipin (CL), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and 
glycosylated PIs (i.e. phosphatidylinositol mannosides (PIM), lipomannans (LM) and 
lipoarabinomannans (LAM), see below). The ratio of these phospholipids may vary 
depending on the species and growth conditions [6-8]. For example, one study indicated 
that CL, PE, and PI/PIMs represent about 37, 32, and 28%, respectively, of the total 
phospholipids in the plasma membrane in M. smegmatis [9], while another reported the ratio 
in Mycobacterium phlei to be about 50, 10, and 40% [10]. Phosphatidylglycerol (PG), which is 
abundant in other bacteria, is a relatively minor species in mycobacteria. Deletion of the PI 
biosynthetic gene has been shown to be lethal in M. smegmatis [9], indicating that PI or 
glycosylated PIs are essential for mycobacterial viability. In M. tuberculosis, putative PI 
synthetase (Rv2612c) and PGP synthetase (Rv2746c, involved in CL synthesis) genes are 
predicted to be essential [11], while the PS synthetase gene (Rv0436c, involved in PE 
synthesis) is not [12]. In corynebacteria, major species of phospholipids are PI, PG, CL, and 
acylphosphatidylglycerol (APG) [13], and PE appears to be absent.  

CL is widely found in both prokaryotes and eukaryotes. It forms aggregates within the 
membrane bilayer. Nonyl acridine orange (NAO) is a fluorescent dye which is proposed to 
bind the hydrophobic surface created by the CL cluster [14], allowing microscopic 
visualization of CL domains. Indeed, using NAO, CLs were found to be enriched in septa 
and poles of actively dividing M. tuberculosis and M. smegmatis cells [15, 16]. CL has a non-
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bilayer structure [17, 18], and carries a small partially immobilized head group that is more 
exposed to the aqueous environment than those of other glycerophospholipids [19]. 
Although the physiological function of CL is unclear, its physical properties may indicate 
that it provides a platform for membrane-protein interactions. Indeed, some mycobacterial 
enzymes require CL for activity [20-22], although the molecular basis for these observations 
has not been clarified. Recent fractionation studies in C. glutamicum revealed that CL (as well 
as other phospholipids) is enriched in the plasma membrane [23, 24]. However, a large 
proportion of CL is also found to be associated with the outer membrane [24], suggesting 
that some of these phospholipids are exported to the outer membrane in corynebacteria. 
Similarly, CL is released from M. bovis bacillus Calmette-Guerin residing in host 
phagosomes, and converted to lyso-CL by a host phospholipase A2 [25]. It has been 
suggested that lyso-CL may influence host immune responses during infection. 

PE is another major class of glycerophospholipids in mycobacteria. Although PE is generally 
found in all organisms, it is particularly abundant in bacterial plasma membranes [26]. 
Mycobacteria are no exception [20], but corynebacteria apparently lack the capacity to 
synthesize PE [27]. Indeed, PE biosynthetic enzymes, such as PS synthetase and PS 
decarboxylase, appear to be absent in corynebacterial genomes. Corynebacterium aquaticum 
has been reported to possess PE [28], but this species was later reclassified as Leifsonia 
aquatica [29], which belongs to the suborder Micrococcineae of the order Actinomycetales. 
The functions of PE remain elusive at the molecular level, but it appears to play important 
roles as a component of the plasma membrane. For example, TBsmr, a small multidrug 
resistance family protein from M. tuberculosis, shows enhanced catalytic activities when PE 
is supplemented in a reconstituted liposome [30].  

PIs are an important class of phospholipids, and are known to be further modified by 
extensive glycosylation. The resultant lipoglycans, termed PIMs, LM, and LAM, are 
essential structural components of mycobacterial and corynebacterial cell walls. 
Furthermore, in pathogenic species, they have been suggested to perform additional roles in 
the modulation of host immune responses in favor of the pathogen through myriad effects 
on macrophages including cytokine production, inhibition of phagosome maturation and 
apoptosis [31-34]. PIMs are oligo-mannosylated PIs carrying up to 6 mannose residues while 
LM/LAM carry much longer mannose polymers with arabinan modifications. It remains 
controversial if these glycolipids are embedded in the plasma membrane or exported to the 
outer membrane. A recent study suggests that LM/LAM appear to be anchored to both the 
plasma membrane and outer membrane [35]. In C. glutamicum, the outer membrane and 
plasma membrane were fractionated on sucrose gradients upon cell lysis, and the analysis of 
these membrane sub-fractions demonstrated that PIMs, LM and LAM are all enriched in the 
plasma membrane fraction [23]. Another recent study also suggested that PI/PIMs are major 
components of the plasma membrane of C. glutamicum [24]. In the latter study, however, 
substantial amounts of PI/PIMs were detected in the outer membrane as well. The functional 
significance of these subcellular localizations, as well as the physiological roles of LM/LAM 
in each of these locations, remain important questions. The structural importance of PIMs 
remains unclear as well. For example, a pimE-deletion mutant that cannot produce mature 
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PIM6 species (see below) is viable, but shows severe plasma membrane abnormalities [36], 
suggesting that higher order PIMs may be involved in the maintenance of plasma 
membrane integrity.  

It is notable that some unusual phospholipids have been identified in corynebacteria. APG 
is an acylated form of PG which is widespread in corynebacteria [37-40], and is a major 
phospholipid species in Corynebacterium amycolatum. Another interesting phospholipid from 
C. amycolatum is acyl-phosphatidylinositol (API), which was identified by electrospray 
ionization mass spectroscopy [41]. C. amycolatum lacks a mycolic acid-based outer 
membrane, and does not appear to have a fracture plane other than the plasma membrane 
[42]. Therefore, APG and API are likely to be components of the plasma membrane, and are 
suggested to play structural roles. Very little is known about their biosynthesis, and 
acyltransferases responsible for their synthesis remain to be identified for both lipid species.  

2.2. Functional lipids 

There are some examples of lipids that appear to play no structural roles in the plasma 
membrane. They often exist in low quantities but play important functional roles. Among 
these, polyprenol-phospho-sugars function as sugar donors. Two well-studied examples are 
polyprenol phosphomannose (PPM) and decaprenol phosphoarabinose (DPA). These 
molecules are the donors of mannose and arabinose, respectively, and their biosynthesis will 
be discussed in a later section.  

PI 3-phosphate, recently identified in both M. smegmatis and C. glutamicum [43], may prove 
to be another interesting example of a functional lipid. It accumulates only transiently upon 
stimulation by high concentrations of salt, and behaves as if it is involved in a signaling 
cascade. However, whether PI 3-phosphate represents a mediator of stress responses 
remains to be addressed. More recently, lysinylated PG was identified as a minor 
phospholipid species in M. tuberculosis [44]. The synthesis of lysinylated PG is mediated by 
LysX and a lysX deletion mutant showed altered phospholipid metabolism and membrane 
integrity [16, 44], suggesting a regulatory role of lysinylated PG in plasma membrane 
homeostasis.  

Carotenoids are photo-protective pigments and serve to scavenge free radicals or harvest 
light [45]. Several mycobacterial species are known to produce carotenoids with the notable 
exception of M. tuberculosis, despite the presence of a carotenoid oxidase in the human 
pathogen [46]. These hydrophobic pigments are thought to be present in the plasma 
membrane but whether they play structural roles in addition to a photo-protective role 
remains to be elucidated. 

2.3. Lipid storage for energy and carbon 

Neutral lipids are an important reservoir of stored energy and carbon, and their metabolism 
is closely linked to plasma membrane phospholipid metabolism. Unlike many other bacteria 
which use polyhydroxyalkanoates as a lipid storage material [47], Actinobacteria use 
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bilayer structure [17, 18], and carries a small partially immobilized head group that is more 
exposed to the aqueous environment than those of other glycerophospholipids [19]. 
Although the physiological function of CL is unclear, its physical properties may indicate 
that it provides a platform for membrane-protein interactions. Indeed, some mycobacterial 
enzymes require CL for activity [20-22], although the molecular basis for these observations 
has not been clarified. Recent fractionation studies in C. glutamicum revealed that CL (as well 
as other phospholipids) is enriched in the plasma membrane [23, 24]. However, a large 
proportion of CL is also found to be associated with the outer membrane [24], suggesting 
that some of these phospholipids are exported to the outer membrane in corynebacteria. 
Similarly, CL is released from M. bovis bacillus Calmette-Guerin residing in host 
phagosomes, and converted to lyso-CL by a host phospholipase A2 [25]. It has been 
suggested that lyso-CL may influence host immune responses during infection. 

PE is another major class of glycerophospholipids in mycobacteria. Although PE is generally 
found in all organisms, it is particularly abundant in bacterial plasma membranes [26]. 
Mycobacteria are no exception [20], but corynebacteria apparently lack the capacity to 
synthesize PE [27]. Indeed, PE biosynthetic enzymes, such as PS synthetase and PS 
decarboxylase, appear to be absent in corynebacterial genomes. Corynebacterium aquaticum 
has been reported to possess PE [28], but this species was later reclassified as Leifsonia 
aquatica [29], which belongs to the suborder Micrococcineae of the order Actinomycetales. 
The functions of PE remain elusive at the molecular level, but it appears to play important 
roles as a component of the plasma membrane. For example, TBsmr, a small multidrug 
resistance family protein from M. tuberculosis, shows enhanced catalytic activities when PE 
is supplemented in a reconstituted liposome [30].  

PIs are an important class of phospholipids, and are known to be further modified by 
extensive glycosylation. The resultant lipoglycans, termed PIMs, LM, and LAM, are 
essential structural components of mycobacterial and corynebacterial cell walls. 
Furthermore, in pathogenic species, they have been suggested to perform additional roles in 
the modulation of host immune responses in favor of the pathogen through myriad effects 
on macrophages including cytokine production, inhibition of phagosome maturation and 
apoptosis [31-34]. PIMs are oligo-mannosylated PIs carrying up to 6 mannose residues while 
LM/LAM carry much longer mannose polymers with arabinan modifications. It remains 
controversial if these glycolipids are embedded in the plasma membrane or exported to the 
outer membrane. A recent study suggests that LM/LAM appear to be anchored to both the 
plasma membrane and outer membrane [35]. In C. glutamicum, the outer membrane and 
plasma membrane were fractionated on sucrose gradients upon cell lysis, and the analysis of 
these membrane sub-fractions demonstrated that PIMs, LM and LAM are all enriched in the 
plasma membrane fraction [23]. Another recent study also suggested that PI/PIMs are major 
components of the plasma membrane of C. glutamicum [24]. In the latter study, however, 
substantial amounts of PI/PIMs were detected in the outer membrane as well. The functional 
significance of these subcellular localizations, as well as the physiological roles of LM/LAM 
in each of these locations, remain important questions. The structural importance of PIMs 
remains unclear as well. For example, a pimE-deletion mutant that cannot produce mature 
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PIM6 species (see below) is viable, but shows severe plasma membrane abnormalities [36], 
suggesting that higher order PIMs may be involved in the maintenance of plasma 
membrane integrity.  

It is notable that some unusual phospholipids have been identified in corynebacteria. APG 
is an acylated form of PG which is widespread in corynebacteria [37-40], and is a major 
phospholipid species in Corynebacterium amycolatum. Another interesting phospholipid from 
C. amycolatum is acyl-phosphatidylinositol (API), which was identified by electrospray 
ionization mass spectroscopy [41]. C. amycolatum lacks a mycolic acid-based outer 
membrane, and does not appear to have a fracture plane other than the plasma membrane 
[42]. Therefore, APG and API are likely to be components of the plasma membrane, and are 
suggested to play structural roles. Very little is known about their biosynthesis, and 
acyltransferases responsible for their synthesis remain to be identified for both lipid species.  

2.2. Functional lipids 

There are some examples of lipids that appear to play no structural roles in the plasma 
membrane. They often exist in low quantities but play important functional roles. Among 
these, polyprenol-phospho-sugars function as sugar donors. Two well-studied examples are 
polyprenol phosphomannose (PPM) and decaprenol phosphoarabinose (DPA). These 
molecules are the donors of mannose and arabinose, respectively, and their biosynthesis will 
be discussed in a later section.  

PI 3-phosphate, recently identified in both M. smegmatis and C. glutamicum [43], may prove 
to be another interesting example of a functional lipid. It accumulates only transiently upon 
stimulation by high concentrations of salt, and behaves as if it is involved in a signaling 
cascade. However, whether PI 3-phosphate represents a mediator of stress responses 
remains to be addressed. More recently, lysinylated PG was identified as a minor 
phospholipid species in M. tuberculosis [44]. The synthesis of lysinylated PG is mediated by 
LysX and a lysX deletion mutant showed altered phospholipid metabolism and membrane 
integrity [16, 44], suggesting a regulatory role of lysinylated PG in plasma membrane 
homeostasis.  

Carotenoids are photo-protective pigments and serve to scavenge free radicals or harvest 
light [45]. Several mycobacterial species are known to produce carotenoids with the notable 
exception of M. tuberculosis, despite the presence of a carotenoid oxidase in the human 
pathogen [46]. These hydrophobic pigments are thought to be present in the plasma 
membrane but whether they play structural roles in addition to a photo-protective role 
remains to be elucidated. 

2.3. Lipid storage for energy and carbon 

Neutral lipids are an important reservoir of stored energy and carbon, and their metabolism 
is closely linked to plasma membrane phospholipid metabolism. Unlike many other bacteria 
which use polyhydroxyalkanoates as a lipid storage material [47], Actinobacteria use 
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triacylglycerides (TAGs) as a major form of lipid storage, and the presence of TAGs has been 
reported in Mycobacterium, Streptomyces, Rhodococcus and Nocardia [48-52]. Interestingly, 
corynebacteria seem to lack the capacity to synthesize TAG, indicating that some lineages of 
Actinobacteria have eliminated this capacity at some point in their evolution. Recent 
evidence suggests that M. tuberculosis accumulates TAG-based lipid droplets while residing 
in macrophages using fatty acids released from host TAGs, and this process is critical for 
acquiring a dormancy phenotype [53]. Nevertheless, a mutant defective in accumulating 
TAG remained viable under in vitro dormancy-inducing conditions [54]. These somewhat 
contradictory observations suggest that our understanding of TAG metabolism in 
mycobacteria is far from complete. As we illustrate later, there appear to be several 
redundant genes involved in the final step of TAG synthesis, suggesting that it is an 
important regulatory step of lipid metabolism in these bacteria.  

Cholesterol has recently been suggested to be an alternative form of lipid storage in 
mycobacteria. Neither mycobacteria nor corynebacteria have the capacity to synthesize 
cholesterol. However, cholesterol is taken up by M. tuberculosis cells residing in the host, and 
components of the mce4 operon have been shown to be involved in cholesterol import [55]. 
Cholesterol catabolism is critical in the chronic phase of animal infection, and a fully 
functional catabolic pathway is encoded by the M. tuberculosis genome [56]. Furthermore, 
cholesterol appears to accumulate in the mycobacterial cell envelope, and this might 
represent a potential form of lipid storage for M. tuberculosis during animal infection [57, 58]. 
Although the authors of this study suggested that cholesterol accumulates in the outer 
membrane, it remains possible that the plasma membrane is the true site of accumulation. 
Therefore, in addition to acting as a lipid storage molecule, cholesterol may play roles in 
plasma membrane structure and function, and these possibilities await further exploration. 

Catabolism of cholesterol, amino acids and odd-chain-length/methyl branched fatty acids 
produces propionyl-coenzyme A (CoA). Propionate accumulation has been shown to be 
toxic in various organisms [59-61], and M. tuberculosis has multiple pathways to metabolize 
propionyl-CoA [62]. Metabolized propionyl-CoA is in part incorporated into TAG [63], and 
it has been suggested that TAG functions as a sink for reducing equivalents in addition to 
being a source of carbon and energy.  

3. Structure and metabolism of plasma membrane lipids in mycobacteria 
and corynebacteria 

In this section, we will describe the structure and metabolism of various lipids found in the 
plasma membrane of mycobacteria and corynebacteria in more detail. Lipids are categorized 
into the following four classes based on their key structural features.  

3.1. Fatty acids 

M. tuberculosis devotes a large proportion of its coding capacity to genes involved in fatty 
acid metabolism [5], highlighting the importance of lipids to the organism. Fatty acid 
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metabolism is essential for intracellular survival of the pathogen since it forms the 
precursors of key membrane components such as plasma membrane phospholipids and 
outer membrane glycolipids. In particular, mycolic acids, which are very long chain α-alkyl 
β-hydroxy fatty acids, form the hydrophobic, protective mycomembrane described earlier. 
M. tuberculosis encodes two distinct enzyme systems for biosynthesis of fatty acids, 
designated FAS (fatty acid synthase) I and II (Fig. 2). Studies on fatty acid synthesis date 
back to the 1970s when M. smegmatis was shown to contain both type I fatty acid synthetase 
(FAS-I), involving a large multifunctional polypeptide, and type II fatty acid synthetase 
(FAS-II), consisting of a series of distinct enzymes [64]. The key elongation unit is malonyl-
CoA, which is produced by acetyl-CoA carboxylase (ACCase) and the M. tuberculosis 
genome encodes several such enzymes (AccA1-3 and AccD1-6). The resultant malonyl-CoA 
is incorporated into fatty acids by the two FAS systems.  

 
Figure 2. Fatty acid biosynthesis pathways in mycobacteria. Point of inhibition by the front-line 
tuberculosis drug isoniazid is indicated. Product profile of FAS-I is bimodal, and C16-C18-CoA and C24-
C26-CoA are produced. Dashed lines indicate that some of the fatty acid products are further utilized for 
mycolic acid production.  

3.1.1. De novo synthesis by FAS-I 

Surprisingly, members of the Corynebacterineae use a eukaryote-like FAS-I system for de 
novo fatty acid synthesis. The single, essential [11], 9.2kb fas gene encodes a 326 kDa protein 
containing all seven domains necessary to perform the iterative series of reactions: acyl 
transferase, enoyl reductase, β-hydroxyacyl dehydratase, malonyl transferase, acyl carrier 
protein, β-ketoacyl reductase, and β-ketoacyl synthase [65, 66]. This very large protein 
elongates acetyl groups by 2-carbon (acetate) units using acetyl-CoA and malonyl-CoA. 
Early rounds of elongation yield C16 to C18-CoA products that are used for synthesis of 
membrane phospholipids or to feed into the FAS-II system. More extensive elongation 
yields C24-C26 products that ultimately form the α-branch of mycolic acids. Unlike M. 
tuberculosis, C. glutamicum encodes two fas genes (fasA and fasB) with FasA taking the 
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triacylglycerides (TAGs) as a major form of lipid storage, and the presence of TAGs has been 
reported in Mycobacterium, Streptomyces, Rhodococcus and Nocardia [48-52]. Interestingly, 
corynebacteria seem to lack the capacity to synthesize TAG, indicating that some lineages of 
Actinobacteria have eliminated this capacity at some point in their evolution. Recent 
evidence suggests that M. tuberculosis accumulates TAG-based lipid droplets while residing 
in macrophages using fatty acids released from host TAGs, and this process is critical for 
acquiring a dormancy phenotype [53]. Nevertheless, a mutant defective in accumulating 
TAG remained viable under in vitro dormancy-inducing conditions [54]. These somewhat 
contradictory observations suggest that our understanding of TAG metabolism in 
mycobacteria is far from complete. As we illustrate later, there appear to be several 
redundant genes involved in the final step of TAG synthesis, suggesting that it is an 
important regulatory step of lipid metabolism in these bacteria.  

Cholesterol has recently been suggested to be an alternative form of lipid storage in 
mycobacteria. Neither mycobacteria nor corynebacteria have the capacity to synthesize 
cholesterol. However, cholesterol is taken up by M. tuberculosis cells residing in the host, and 
components of the mce4 operon have been shown to be involved in cholesterol import [55]. 
Cholesterol catabolism is critical in the chronic phase of animal infection, and a fully 
functional catabolic pathway is encoded by the M. tuberculosis genome [56]. Furthermore, 
cholesterol appears to accumulate in the mycobacterial cell envelope, and this might 
represent a potential form of lipid storage for M. tuberculosis during animal infection [57, 58]. 
Although the authors of this study suggested that cholesterol accumulates in the outer 
membrane, it remains possible that the plasma membrane is the true site of accumulation. 
Therefore, in addition to acting as a lipid storage molecule, cholesterol may play roles in 
plasma membrane structure and function, and these possibilities await further exploration. 

Catabolism of cholesterol, amino acids and odd-chain-length/methyl branched fatty acids 
produces propionyl-coenzyme A (CoA). Propionate accumulation has been shown to be 
toxic in various organisms [59-61], and M. tuberculosis has multiple pathways to metabolize 
propionyl-CoA [62]. Metabolized propionyl-CoA is in part incorporated into TAG [63], and 
it has been suggested that TAG functions as a sink for reducing equivalents in addition to 
being a source of carbon and energy.  

3. Structure and metabolism of plasma membrane lipids in mycobacteria 
and corynebacteria 

In this section, we will describe the structure and metabolism of various lipids found in the 
plasma membrane of mycobacteria and corynebacteria in more detail. Lipids are categorized 
into the following four classes based on their key structural features.  

3.1. Fatty acids 

M. tuberculosis devotes a large proportion of its coding capacity to genes involved in fatty 
acid metabolism [5], highlighting the importance of lipids to the organism. Fatty acid 
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metabolism is essential for intracellular survival of the pathogen since it forms the 
precursors of key membrane components such as plasma membrane phospholipids and 
outer membrane glycolipids. In particular, mycolic acids, which are very long chain α-alkyl 
β-hydroxy fatty acids, form the hydrophobic, protective mycomembrane described earlier. 
M. tuberculosis encodes two distinct enzyme systems for biosynthesis of fatty acids, 
designated FAS (fatty acid synthase) I and II (Fig. 2). Studies on fatty acid synthesis date 
back to the 1970s when M. smegmatis was shown to contain both type I fatty acid synthetase 
(FAS-I), involving a large multifunctional polypeptide, and type II fatty acid synthetase 
(FAS-II), consisting of a series of distinct enzymes [64]. The key elongation unit is malonyl-
CoA, which is produced by acetyl-CoA carboxylase (ACCase) and the M. tuberculosis 
genome encodes several such enzymes (AccA1-3 and AccD1-6). The resultant malonyl-CoA 
is incorporated into fatty acids by the two FAS systems.  

 
Figure 2. Fatty acid biosynthesis pathways in mycobacteria. Point of inhibition by the front-line 
tuberculosis drug isoniazid is indicated. Product profile of FAS-I is bimodal, and C16-C18-CoA and C24-
C26-CoA are produced. Dashed lines indicate that some of the fatty acid products are further utilized for 
mycolic acid production.  

3.1.1. De novo synthesis by FAS-I 

Surprisingly, members of the Corynebacterineae use a eukaryote-like FAS-I system for de 
novo fatty acid synthesis. The single, essential [11], 9.2kb fas gene encodes a 326 kDa protein 
containing all seven domains necessary to perform the iterative series of reactions: acyl 
transferase, enoyl reductase, β-hydroxyacyl dehydratase, malonyl transferase, acyl carrier 
protein, β-ketoacyl reductase, and β-ketoacyl synthase [65, 66]. This very large protein 
elongates acetyl groups by 2-carbon (acetate) units using acetyl-CoA and malonyl-CoA. 
Early rounds of elongation yield C16 to C18-CoA products that are used for synthesis of 
membrane phospholipids or to feed into the FAS-II system. More extensive elongation 
yields C24-C26 products that ultimately form the α-branch of mycolic acids. Unlike M. 
tuberculosis, C. glutamicum encodes two fas genes (fasA and fasB) with FasA taking the 
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dominant role [67]. The presence of two Fas proteins may compensate for the lack of a FAS-
II system in this organism. 

3.1.2. Elongation by FAS-II 

The FAS-II system is commonly found in bacteria and plants and, unlike FAS-I, is composed 
of a series of separate enzymes, each performing one step in the pathway. FAS-II elongates 
medium chain fatty acids derived from FAS-I using malonyl-CoA, producing C18-C30 fatty 
acids [68]. FAS-II has been extensively studied in E. coli [69] and orthologs of the fab genes 
have been identified in mycobacteria. AcpM is a mycobacterial acyl carrier protein (ACP) 
and plays a key role in transferring acyl groups between the various enzyme components 
[70]. The seven genes are located in two clusters on the M. tuberculosis chromosome [5], 
comprising mtfabD-acpM-kasA-kasB-accD6 and mabA-inhA. Initially, the malonate group is 
transferred from malonyl-CoA to AcpM by the MtFabD protein. Then MtFabH performs a 
Claisen condensation of malonyl-ACP with acyl-CoA to form β–ketoacyl-ACP. A four-step 
cycle is then initiated [64] in which: 

1. β–ketoacyl-ACP reductase MabA reduces the β–keto group with concomitant oxidation 
of NADPH 

2. β-hydroxyacyl-ACP dehydratase dehydrates the β-hydroxyl to enoyl-ACP 
3. enoyl-ACP reductase InhA, a target of the first-line anti-tuberculosis drug isoniazid 

(INH) [71], reduces enoyl-ACP to acyl-ACP with concomitant oxidation of NADPH 
4. β-ketoacyl-ACP synthase KasA/B elongates acyl-ACP by 2 carbon units, forming β-

ketoacyl-ACP, which can feed back into step 1.  

In this way, the hydrocarbon chain increases by 2 carbons each cycle. Further elongation and 
processing of the products of FAS-II produces the precursors of the long meromycolate 
chains that are condensed with the α-branches derived from FAS-I by the large polyketide 
synthase Pks13 [72]. Reduction of the β–keto group by CmrA forms the mature C60-C90 
mycolic acid [73]. 

3.2. Glycerolipids 

Glycerolipids include both nonpolar lipids and polar phospholipids. Their biosynthesis is 
overlapping and 1,2-diacyl-sn-glycerol 3-phosphate, commonly known as phosphatidic acid 
(PA), is an important intermediate at the branch point (Fig. 3) [74]. In this section, we focus 
our discussion on the biosynthesis of PA and its conversion to non-polar lipids. Non-polar 
lipids are generally divided into three different classes depending on the number of fatty 
acids attached to glycerol: monoacylglycerol (MAG), diacylglycerol (DAG) and TAG. TAG 
is a glycerol carrying three fatty acyl chains, and its biosynthesis diverges from 
phospholipid synthesis after the synthesis of PA. TAG is a major component of lipid 
droplets, which accumulate in the cytoplasm. How TAG is made in the plasma membrane 
and incorporated into lipid droplets remains largely unclear. Here, we provide an overview 
of the TAG metabolic pathway. 
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Figure 3. Glycerolipid/phospholipid biosynthesis pathways. Some pathways such as TAG and PE 
biosynthesis (shown as green arrows) do not occur in corynebacteria while some others (shown as blue 
arrows) are known to occur only in corynebacteria. PG is abundant in corynebacteria, but is a minor 
species in mycobacteria.  

3.2.1. Biosynthesis of PA 

The first step of PA biosynthesis is mediated by glycerol phosphate acyltransferase (GPAT) 
transferring an acyl chain from acyl-CoA to glycerol-3-phosphate, forming acyl-glycerol 3-
phosphate. In general, this reaction produces 1-acyl-sn-glycerol 3-phosphate. However, 
mycobacteria are unusual in that 2-acyl-sn-glycerol 3-phosphate is used as the main 
intermediate for the production of PA [75]. Another unusual feature is that oleic acid, an 
unsaturated fatty acid often found at the sn-2 positions of glycerolipids, is found at the sn-1 
position in mycobacteria. Instead, palmitic acid, a saturated fatty acid, is the preferred fatty 
acid attached to the sn-2 position in mycobacteria [75, 76]. In the second step, acylglycerol 
phosphate acyltransferase (AGPAT) further transfers a fatty acid from acyl-CoA to 2-acyl-
sn-glycerol 3-phosphate, producing PA. PA can be diverted to TAG synthesis, or activated 
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dominant role [67]. The presence of two Fas proteins may compensate for the lack of a FAS-
II system in this organism. 

3.1.2. Elongation by FAS-II 

The FAS-II system is commonly found in bacteria and plants and, unlike FAS-I, is composed 
of a series of separate enzymes, each performing one step in the pathway. FAS-II elongates 
medium chain fatty acids derived from FAS-I using malonyl-CoA, producing C18-C30 fatty 
acids [68]. FAS-II has been extensively studied in E. coli [69] and orthologs of the fab genes 
have been identified in mycobacteria. AcpM is a mycobacterial acyl carrier protein (ACP) 
and plays a key role in transferring acyl groups between the various enzyme components 
[70]. The seven genes are located in two clusters on the M. tuberculosis chromosome [5], 
comprising mtfabD-acpM-kasA-kasB-accD6 and mabA-inhA. Initially, the malonate group is 
transferred from malonyl-CoA to AcpM by the MtFabD protein. Then MtFabH performs a 
Claisen condensation of malonyl-ACP with acyl-CoA to form β–ketoacyl-ACP. A four-step 
cycle is then initiated [64] in which: 

1. β–ketoacyl-ACP reductase MabA reduces the β–keto group with concomitant oxidation 
of NADPH 

2. β-hydroxyacyl-ACP dehydratase dehydrates the β-hydroxyl to enoyl-ACP 
3. enoyl-ACP reductase InhA, a target of the first-line anti-tuberculosis drug isoniazid 

(INH) [71], reduces enoyl-ACP to acyl-ACP with concomitant oxidation of NADPH 
4. β-ketoacyl-ACP synthase KasA/B elongates acyl-ACP by 2 carbon units, forming β-

ketoacyl-ACP, which can feed back into step 1.  

In this way, the hydrocarbon chain increases by 2 carbons each cycle. Further elongation and 
processing of the products of FAS-II produces the precursors of the long meromycolate 
chains that are condensed with the α-branches derived from FAS-I by the large polyketide 
synthase Pks13 [72]. Reduction of the β–keto group by CmrA forms the mature C60-C90 
mycolic acid [73]. 

3.2. Glycerolipids 

Glycerolipids include both nonpolar lipids and polar phospholipids. Their biosynthesis is 
overlapping and 1,2-diacyl-sn-glycerol 3-phosphate, commonly known as phosphatidic acid 
(PA), is an important intermediate at the branch point (Fig. 3) [74]. In this section, we focus 
our discussion on the biosynthesis of PA and its conversion to non-polar lipids. Non-polar 
lipids are generally divided into three different classes depending on the number of fatty 
acids attached to glycerol: monoacylglycerol (MAG), diacylglycerol (DAG) and TAG. TAG 
is a glycerol carrying three fatty acyl chains, and its biosynthesis diverges from 
phospholipid synthesis after the synthesis of PA. TAG is a major component of lipid 
droplets, which accumulate in the cytoplasm. How TAG is made in the plasma membrane 
and incorporated into lipid droplets remains largely unclear. Here, we provide an overview 
of the TAG metabolic pathway. 
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Figure 3. Glycerolipid/phospholipid biosynthesis pathways. Some pathways such as TAG and PE 
biosynthesis (shown as green arrows) do not occur in corynebacteria while some others (shown as blue 
arrows) are known to occur only in corynebacteria. PG is abundant in corynebacteria, but is a minor 
species in mycobacteria.  

3.2.1. Biosynthesis of PA 

The first step of PA biosynthesis is mediated by glycerol phosphate acyltransferase (GPAT) 
transferring an acyl chain from acyl-CoA to glycerol-3-phosphate, forming acyl-glycerol 3-
phosphate. In general, this reaction produces 1-acyl-sn-glycerol 3-phosphate. However, 
mycobacteria are unusual in that 2-acyl-sn-glycerol 3-phosphate is used as the main 
intermediate for the production of PA [75]. Another unusual feature is that oleic acid, an 
unsaturated fatty acid often found at the sn-2 positions of glycerolipids, is found at the sn-1 
position in mycobacteria. Instead, palmitic acid, a saturated fatty acid, is the preferred fatty 
acid attached to the sn-2 position in mycobacteria [75, 76]. In the second step, acylglycerol 
phosphate acyltransferase (AGPAT) further transfers a fatty acid from acyl-CoA to 2-acyl-
sn-glycerol 3-phosphate, producing PA. PA can be diverted to TAG synthesis, or activated 
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to form cytidine diphosphate-diacylglycerol (CDP-DAG), which is the precursor for the 
synthesis of phospholipids. Therefore, PA represents an important branch point for the 
synthesis of TAG and phospholipids [74]. An alternative pathway for PA synthesis is 
phosphorylation of DAG by DAG kinase, and Rv2252 has been suggested to be involved in 
this reaction [77]. Disruption of this enzyme results in altered PIM biosynthesis, but precise 
functions of this metabolic pathway remain unclear.   

3.2.2. TAG Biosynthesis 

TAG is de novo synthesized by two steps. First, PA is dephosphorylated to become DAG, 
and this reaction is mediated by phosphatidic acid phosphatase (PAP). PAP was discovered 
from animal tissues in 1957 by the group of Eugene Kennedy [78], and the gene encoding 
this activity was recently identified in Saccharomyces cerevisiae [79]. Nothing is known about 
this enzyme in mycobacteria or corynebacteria. In the second step, diacylglycerol 
acyltransferase (DGAT) catalyzes the addition of a fatty acyl-CoA to DAG to form TAG. 
Until recently, little was known about the genes involved in this final step of TAG synthesis 
in mycobacteria. Analysis of this final step is complicated because there are multiple genes 
encoding TAG synthetase in mycobacteria and corynebacteria. For example, the M. 
tuberculosis genome encodes 15 putative TAG synthetase genes [48, 80]. Despite the 
redundancies, recent studies reported that some of these tgs genes are critical for TAG 
synthesis in M. tuberculosis [48, 54]. Specifically, TAG synthetases encoded by Rv3130c (tgs1), 
Rv3734c (tgs2), Rv3234c (tgs3), and Rv3088 (tgs4) have been shown to have TAG synthetase 
activities [53]. Furthermore, Tgs1 has been demonstrated to be the main contributor to TAG 
synthesis and lipid droplet formation in M. tuberculosis [53]. More recently, Ag85A, which is 
known as a mycolyltransferase involved in TDM biosynthesis, was shown to possess DGAT 
activity [81]. Ag85A is not homologous to other tgs genes, and may represent a novel class of 
TAG biosynthetic enzymes. TAG not only forms a lipid droplet in the cytoplasm, but also 
accumulates in the cell wall of mycobacteria [82]. Therefore, Ag85A located in the cell wall 
might be involved in the production of surface-exposed TAGs.  

3.2.3. Utilization of TAG 

Under starvation conditions where stored TAG needs to be mobilized for energy 
production, TAG is catabolized by lipases. In 1977, TAG lipase was purified from 
stationary phase M. phlei and predicted to have a molecular weight of about 40 kDa [83]. 
More recently, LipY, encoded by the M. tuberculosis Rv3097c gene, was identified as a TAG 
lipase [84]. LipY appears to play a critical role in TAG catabolism because a M. tuberculosis 
lipY deletion mutant cannot utilize accumulated TAG under starvation conditions. 
Another recent study demonstrated that LipY has a dual localization pattern [85]: while a 
fraction of LipY was found in the cytoplasm, consistent with its role in the catabolism of 
intracellular TAG, a significant fraction of LipY was also localized to the outer membrane 
of the cell wall, indicating that it may be involved in the breakdown of exogenously 
available TAGs. Indeed, it has been long known that M. tuberculosis depends on fatty 
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acids as a preferred energy source during infection [86], and LipY may well be a critical 
enzyme for the utilization of host lipids during an M. tuberculosis infection. Another lipase 
encoded by Rv0183 shows preference for MAG over DAG and TAG, and is localized to 
the cell wall [87], suggesting its involvement in subsequent reactions of TAG breakdown. 
However, whether it is involved in degradation of host-derived TAG or intracellular TAG 
remains to be determined.  

3.2.4. Lipid droplet formation 

In eukaryotes, lipid droplets form in between the two leaflets of the endoplasmic reticulum 
membrane [88]. In bacteria, a distinct mechanism of lipid body formation has been 
proposed. For example, in rhodococci, TAG is formed in the cytoplasmic surface of the 
plasma membrane. Small lipid droplets are then fused to each other, coated by a monolayer 
of phospholipids, and released from the surface of the plasma membrane into the cytoplasm 
as mature lipid droplets [89]. Although no endogenous proteins have been found to 
associate with lipid droplets in rhodococci or mycobacteria, heterologous expression of 
known lipid droplet-associated proteins resulted in correct targeting of these proteins to 
lipid droplets in both R. opacus and M. smegmatis [90, 91], allowing visualization of lipid 
droplets in these organisms.  

3.3. Phospholipids 

3.3.1. CDP-DAG 

In both eukaryotic and prokaryotic cells, PA is activated by CTP to form CDP-DAG, and this 
reaction is mediated by CDP-DAG synthase [92]. The synthesis of CDP-DAG commits the 
pathway to phospholipid biosynthesis, and CDP-DAG is a common precursor for the 
biosynthesis of all glycerophospholipids in mycobacteria and corynebacteria. The activity of 
CDP-DAG synthetase is associated with plasma membrane in M. smegmatis, and is possibly 
encoded by the cdsA (Rv2881c) gene in M. tuberculosis H37Rv [93]. 

3.3.2. CL 

CL is composed of four acyl chains, three glycerols and two phosphates, and is structured in 
a 1,3-diphosphatidylglycerol configuration [94]. It is a common phospholipid in bacteria, 
and is one of the abundant phospholipids in mycobacteria and corynebacteria. To initiate 
CL synthesis, PG phosphate synthase first produces PG phosphate (PGP) using CDP-DAG 
and glycerol 3-phosphate as substrates. An M. smegmatis strain engineered to overexpress 
M. tuberculosis PgsA3 (encoded by Rv2746c) was shown to overproduce PG, suggesting that 
PgsA3 is the PGP synthase [9]. PGP is then converted into PG via PGP phosphatase. Three 
phosphatases, PgpA, PgpB, and PgpC, have been identified as PGP phosphatases in E. coli 
[95-97]. Furthermore, Gep4 and PTPMT1 have been identified as PGP phosphatases in yeast 
and mammals, respectively [98, 99]. Some homologs exist in the genomes of mycobacteria 
and corynebacteria, but experimental verification of these genes remains to be performed. 
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to form cytidine diphosphate-diacylglycerol (CDP-DAG), which is the precursor for the 
synthesis of phospholipids. Therefore, PA represents an important branch point for the 
synthesis of TAG and phospholipids [74]. An alternative pathway for PA synthesis is 
phosphorylation of DAG by DAG kinase, and Rv2252 has been suggested to be involved in 
this reaction [77]. Disruption of this enzyme results in altered PIM biosynthesis, but precise 
functions of this metabolic pathway remain unclear.   

3.2.2. TAG Biosynthesis 

TAG is de novo synthesized by two steps. First, PA is dephosphorylated to become DAG, 
and this reaction is mediated by phosphatidic acid phosphatase (PAP). PAP was discovered 
from animal tissues in 1957 by the group of Eugene Kennedy [78], and the gene encoding 
this activity was recently identified in Saccharomyces cerevisiae [79]. Nothing is known about 
this enzyme in mycobacteria or corynebacteria. In the second step, diacylglycerol 
acyltransferase (DGAT) catalyzes the addition of a fatty acyl-CoA to DAG to form TAG. 
Until recently, little was known about the genes involved in this final step of TAG synthesis 
in mycobacteria. Analysis of this final step is complicated because there are multiple genes 
encoding TAG synthetase in mycobacteria and corynebacteria. For example, the M. 
tuberculosis genome encodes 15 putative TAG synthetase genes [48, 80]. Despite the 
redundancies, recent studies reported that some of these tgs genes are critical for TAG 
synthesis in M. tuberculosis [48, 54]. Specifically, TAG synthetases encoded by Rv3130c (tgs1), 
Rv3734c (tgs2), Rv3234c (tgs3), and Rv3088 (tgs4) have been shown to have TAG synthetase 
activities [53]. Furthermore, Tgs1 has been demonstrated to be the main contributor to TAG 
synthesis and lipid droplet formation in M. tuberculosis [53]. More recently, Ag85A, which is 
known as a mycolyltransferase involved in TDM biosynthesis, was shown to possess DGAT 
activity [81]. Ag85A is not homologous to other tgs genes, and may represent a novel class of 
TAG biosynthetic enzymes. TAG not only forms a lipid droplet in the cytoplasm, but also 
accumulates in the cell wall of mycobacteria [82]. Therefore, Ag85A located in the cell wall 
might be involved in the production of surface-exposed TAGs.  

3.2.3. Utilization of TAG 

Under starvation conditions where stored TAG needs to be mobilized for energy 
production, TAG is catabolized by lipases. In 1977, TAG lipase was purified from 
stationary phase M. phlei and predicted to have a molecular weight of about 40 kDa [83]. 
More recently, LipY, encoded by the M. tuberculosis Rv3097c gene, was identified as a TAG 
lipase [84]. LipY appears to play a critical role in TAG catabolism because a M. tuberculosis 
lipY deletion mutant cannot utilize accumulated TAG under starvation conditions. 
Another recent study demonstrated that LipY has a dual localization pattern [85]: while a 
fraction of LipY was found in the cytoplasm, consistent with its role in the catabolism of 
intracellular TAG, a significant fraction of LipY was also localized to the outer membrane 
of the cell wall, indicating that it may be involved in the breakdown of exogenously 
available TAGs. Indeed, it has been long known that M. tuberculosis depends on fatty 
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acids as a preferred energy source during infection [86], and LipY may well be a critical 
enzyme for the utilization of host lipids during an M. tuberculosis infection. Another lipase 
encoded by Rv0183 shows preference for MAG over DAG and TAG, and is localized to 
the cell wall [87], suggesting its involvement in subsequent reactions of TAG breakdown. 
However, whether it is involved in degradation of host-derived TAG or intracellular TAG 
remains to be determined.  

3.2.4. Lipid droplet formation 

In eukaryotes, lipid droplets form in between the two leaflets of the endoplasmic reticulum 
membrane [88]. In bacteria, a distinct mechanism of lipid body formation has been 
proposed. For example, in rhodococci, TAG is formed in the cytoplasmic surface of the 
plasma membrane. Small lipid droplets are then fused to each other, coated by a monolayer 
of phospholipids, and released from the surface of the plasma membrane into the cytoplasm 
as mature lipid droplets [89]. Although no endogenous proteins have been found to 
associate with lipid droplets in rhodococci or mycobacteria, heterologous expression of 
known lipid droplet-associated proteins resulted in correct targeting of these proteins to 
lipid droplets in both R. opacus and M. smegmatis [90, 91], allowing visualization of lipid 
droplets in these organisms.  

3.3. Phospholipids 

3.3.1. CDP-DAG 

In both eukaryotic and prokaryotic cells, PA is activated by CTP to form CDP-DAG, and this 
reaction is mediated by CDP-DAG synthase [92]. The synthesis of CDP-DAG commits the 
pathway to phospholipid biosynthesis, and CDP-DAG is a common precursor for the 
biosynthesis of all glycerophospholipids in mycobacteria and corynebacteria. The activity of 
CDP-DAG synthetase is associated with plasma membrane in M. smegmatis, and is possibly 
encoded by the cdsA (Rv2881c) gene in M. tuberculosis H37Rv [93]. 

3.3.2. CL 

CL is composed of four acyl chains, three glycerols and two phosphates, and is structured in 
a 1,3-diphosphatidylglycerol configuration [94]. It is a common phospholipid in bacteria, 
and is one of the abundant phospholipids in mycobacteria and corynebacteria. To initiate 
CL synthesis, PG phosphate synthase first produces PG phosphate (PGP) using CDP-DAG 
and glycerol 3-phosphate as substrates. An M. smegmatis strain engineered to overexpress 
M. tuberculosis PgsA3 (encoded by Rv2746c) was shown to overproduce PG, suggesting that 
PgsA3 is the PGP synthase [9]. PGP is then converted into PG via PGP phosphatase. Three 
phosphatases, PgpA, PgpB, and PgpC, have been identified as PGP phosphatases in E. coli 
[95-97]. Furthermore, Gep4 and PTPMT1 have been identified as PGP phosphatases in yeast 
and mammals, respectively [98, 99]. Some homologs exist in the genomes of mycobacteria 
and corynebacteria, but experimental verification of these genes remains to be performed. 
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Typically, the final step of CL synthesis in prokaryotes is mediated by a reaction that utilizes 
two PG molecules, producing one molecule of CL and one molecule of glycerol. However, 
in mycobacteria, the eukaryote-like reaction, which utilizes PG and CDP-DAG to produce 
CL, has been shown to occur [100], and Jackson and colleagues have suggested that PgsA2 
might be the enzyme responsible for this reaction [9].  

3.3.3. PE 

The precise structure of PE was recently reported as 1-O-tuberculostearoyl-2-O-palmitoyl-
sn-glycero-3-phosphoethanolamine in M. tuberculosis using tandem mass spectrometry [101]. 
In the initial step of PE synthesis, PS synthetase transfers serine to CDP-DAG and produces 
PS. In the second step, PE is produced by decarboxylation of PS mediated by PS 
decarboxylase. Genes encoding putative PS synthetase (pssA, Rv0436c) and PS 
decarboxylase (psd, Rv0437c) are found in tandem in the M. tuberculosis genome [9]. 
However, there is no experimental evidence demonstrating the identities of the genes. In M. 
smegmatis, PS synthetase and PS decarboxylase activities are enriched in different membrane 
fractions, which can be distinguished by sucrose gradient sedimentation [102]. However, the 
significance of differential membrane localization remains to be clarified.  

3.3.4. PI 

PI is a major phospholipid in both mycobacteria and corynebacteria and forms the anchor 
for the PIMs, which are substrates for heavy mannosylation to form LMs and additional 
arabinosylation to produce LAMs. PI is formed by the PI synthase PgsA (Rv2612c) from 
CDP-DAG and myo-inositol [9, 103]. Inositol is not a common metabolite in bacteria. It is 
therefore surprising that mycobacteria produce copious amounts of inositol through 
pathways shared with eukaryotes for incorporation into a range of metabolic pathways 
(recently reviewed in [104]). The enzyme D-myo-inositol 3-phosphate synthase (Ino1) 
converts glucose-6-phosphate to D-myo-inositol 3-phosphate, which is dephosphorylated by 
one of several inositol monophosphatases to produce myo-inositol [105].  

3.3.5. PIMs 

All Corynebacterineae synthesize PIMs that are important components of the cell envelope. 
Polar PIM species can also serve as membrane anchors for LM and LAM. Many of the steps 
of PIM/LM/LAM biosynthesis have now been elucidated [106]. Extensive genetic and 
biochemical studies have demonstrated that the synthesis of PIMs occurs linearly in 
mycobacteria with PI as the starting substrate (reviewed in [107]) (Fig. 4A). Early steps of the 
pathway occur on the cytoplasmic face of the plasma membrane. A PIM biosynthetic 
membrane, enriched in the early steps, has been purified by sucrose gradient fractionation 
as a membrane subdomain termed PMf, which is distinct from the bulk plasma membrane 
[102]. Mannosyltransferases performing the early steps utilize the water-soluble mannose 
donor, GDP-Man, which can be produced from exogenously acquired mannose or via de 
novo synthesis from the glycolytic pathway when fructose-6-phosphate is transformed by 
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the enzymes ManA (Rv3255c), ManB (Rv3257c) and ManC (Rv3264c) [108-111], with a 
degree of redundancy reported at the ManC (NCgl0710) step in C. glutamicum [112]. The 
first step of PIM synthesis involves mannosylation of the C2-position of the inositol ring of 
PI by the enzyme PimA (Rv2610c) to form PIM1 [113, 114]. PimA is an essential enzyme in 
mycobacteria [11, 113] and absent in humans, making it a current target for drug 
development by several groups. The crystal structure of PimA from M. smegmatis has been 
solved in complex with GDP and GDP-Man at resolutions of 2.4Å and 2.6Å, respectively 
[115, 116]. PimA has a typical GT-B fold of glycosyltransferases consisting of two Rossmann-
fold domains with a deep fissure at the interface, which contains the active site. Close to the 
GDP-Man binding site, the N-terminal domain displays a deep pocket containing highly 
conserved hydrophobic residues. This pocket is proposed to bind the acyl moieties of the 
acceptor substrate PI [116].  

Next, O-6 mannosylation of the myo-inositol ring is performed by the cytoplasmic α-
mannosyltransferase PimB’ (Rv2188c) [117, 118] resulting in the formation of PIM2. While 
the mycobacterial enzyme Rv0557 was originally assigned this function [119], later studies 
showed that Rv2188c was the true PimB (designated PimB’) [118], with Rv0557 being 
renamed MgtA and included in the LM-B pathway [120, 121] (see below). PimB’ is an 
essential enzyme in mycobacteria [11, 117] and the crystal structure of the equivalent 
corynebacterial enzyme has been solved at high resolution complexed with nucleotide [122]. 
In corynebacteria, PIM2 is detected mainly in its mono-acylated form, but in mycobacteria 
PIM2 accumulates in the cell envelope as monoacyl (AcPIM2) and diacyl (Ac2PIM2) forms, 
the former produced by the acyltransferase Rv2611c [123] which acts optimally on the 
product of the PimB’ reaction [117].  

The next enzyme in the pathway, PimC, has been identified in M. tuberculosis strain 
CDC1551 and could produce trimannosylated PIMs [124]. However, the absence of this 
enzyme in other strains indicates redundancy at this step and the enzymes involved remain 
to be identified, as does the putative “PimD” protein. Flipping of PIM intermediates from 
the cytoplasmic face of the membrane to the periplasm is thought to occur at this point of 
the pathway, but the precise intermediate and transporter involved are also undefined.  

AcPIM4 species can be further mannosylated to form more polar PIMs in reactions thought 
to take place on the periplasmic side of the cytoplasmic membrane. These reactions are 
performed by glycosyltransferases that require a lipid sugar donor in the form of PPM, since 
these reactions are amphomycin-sensitive [36, 125-128]. In mycobacteria, AcPIM4 is 
proposed to be a branch point for synthesis of polar PIM end products and LM/LAM. PimE 
(Rv1159) has been shown to elongate AcPIM4 with one or more α1-2 linked mannoses to 
form AcPIM6 [36]. This polytopic membrane protein has sequence similarities with 
eukaryotic PIG-M mannosyltransferases and localizes to a cell wall-associated plasma 
membrane subdomain in M. smegmatis, termed PM-CW, to which enzymatic activities of 
AcPIM4-6 synthesis are enriched [102]. Its catalytic activity was successfully mapped to a 
conserved aspartate residue in the first outer loop of the protein. Whether PimE also forms 
AcPIM6 is unknown. Interestingly, no PimE orthologue is present in C. glutamicum and 
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Typically, the final step of CL synthesis in prokaryotes is mediated by a reaction that utilizes 
two PG molecules, producing one molecule of CL and one molecule of glycerol. However, 
in mycobacteria, the eukaryote-like reaction, which utilizes PG and CDP-DAG to produce 
CL, has been shown to occur [100], and Jackson and colleagues have suggested that PgsA2 
might be the enzyme responsible for this reaction [9].  
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sn-glycero-3-phosphoethanolamine in M. tuberculosis using tandem mass spectrometry [101]. 
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decarboxylase (psd, Rv0437c) are found in tandem in the M. tuberculosis genome [9]. 
However, there is no experimental evidence demonstrating the identities of the genes. In M. 
smegmatis, PS synthetase and PS decarboxylase activities are enriched in different membrane 
fractions, which can be distinguished by sucrose gradient sedimentation [102]. However, the 
significance of differential membrane localization remains to be clarified.  
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PI is a major phospholipid in both mycobacteria and corynebacteria and forms the anchor 
for the PIMs, which are substrates for heavy mannosylation to form LMs and additional 
arabinosylation to produce LAMs. PI is formed by the PI synthase PgsA (Rv2612c) from 
CDP-DAG and myo-inositol [9, 103]. Inositol is not a common metabolite in bacteria. It is 
therefore surprising that mycobacteria produce copious amounts of inositol through 
pathways shared with eukaryotes for incorporation into a range of metabolic pathways 
(recently reviewed in [104]). The enzyme D-myo-inositol 3-phosphate synthase (Ino1) 
converts glucose-6-phosphate to D-myo-inositol 3-phosphate, which is dephosphorylated by 
one of several inositol monophosphatases to produce myo-inositol [105].  

3.3.5. PIMs 

All Corynebacterineae synthesize PIMs that are important components of the cell envelope. 
Polar PIM species can also serve as membrane anchors for LM and LAM. Many of the steps 
of PIM/LM/LAM biosynthesis have now been elucidated [106]. Extensive genetic and 
biochemical studies have demonstrated that the synthesis of PIMs occurs linearly in 
mycobacteria with PI as the starting substrate (reviewed in [107]) (Fig. 4A). Early steps of the 
pathway occur on the cytoplasmic face of the plasma membrane. A PIM biosynthetic 
membrane, enriched in the early steps, has been purified by sucrose gradient fractionation 
as a membrane subdomain termed PMf, which is distinct from the bulk plasma membrane 
[102]. Mannosyltransferases performing the early steps utilize the water-soluble mannose 
donor, GDP-Man, which can be produced from exogenously acquired mannose or via de 
novo synthesis from the glycolytic pathway when fructose-6-phosphate is transformed by 
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the enzymes ManA (Rv3255c), ManB (Rv3257c) and ManC (Rv3264c) [108-111], with a 
degree of redundancy reported at the ManC (NCgl0710) step in C. glutamicum [112]. The 
first step of PIM synthesis involves mannosylation of the C2-position of the inositol ring of 
PI by the enzyme PimA (Rv2610c) to form PIM1 [113, 114]. PimA is an essential enzyme in 
mycobacteria [11, 113] and absent in humans, making it a current target for drug 
development by several groups. The crystal structure of PimA from M. smegmatis has been 
solved in complex with GDP and GDP-Man at resolutions of 2.4Å and 2.6Å, respectively 
[115, 116]. PimA has a typical GT-B fold of glycosyltransferases consisting of two Rossmann-
fold domains with a deep fissure at the interface, which contains the active site. Close to the 
GDP-Man binding site, the N-terminal domain displays a deep pocket containing highly 
conserved hydrophobic residues. This pocket is proposed to bind the acyl moieties of the 
acceptor substrate PI [116].  

Next, O-6 mannosylation of the myo-inositol ring is performed by the cytoplasmic α-
mannosyltransferase PimB’ (Rv2188c) [117, 118] resulting in the formation of PIM2. While 
the mycobacterial enzyme Rv0557 was originally assigned this function [119], later studies 
showed that Rv2188c was the true PimB (designated PimB’) [118], with Rv0557 being 
renamed MgtA and included in the LM-B pathway [120, 121] (see below). PimB’ is an 
essential enzyme in mycobacteria [11, 117] and the crystal structure of the equivalent 
corynebacterial enzyme has been solved at high resolution complexed with nucleotide [122]. 
In corynebacteria, PIM2 is detected mainly in its mono-acylated form, but in mycobacteria 
PIM2 accumulates in the cell envelope as monoacyl (AcPIM2) and diacyl (Ac2PIM2) forms, 
the former produced by the acyltransferase Rv2611c [123] which acts optimally on the 
product of the PimB’ reaction [117].  

The next enzyme in the pathway, PimC, has been identified in M. tuberculosis strain 
CDC1551 and could produce trimannosylated PIMs [124]. However, the absence of this 
enzyme in other strains indicates redundancy at this step and the enzymes involved remain 
to be identified, as does the putative “PimD” protein. Flipping of PIM intermediates from 
the cytoplasmic face of the membrane to the periplasm is thought to occur at this point of 
the pathway, but the precise intermediate and transporter involved are also undefined.  

AcPIM4 species can be further mannosylated to form more polar PIMs in reactions thought 
to take place on the periplasmic side of the cytoplasmic membrane. These reactions are 
performed by glycosyltransferases that require a lipid sugar donor in the form of PPM, since 
these reactions are amphomycin-sensitive [36, 125-128]. In mycobacteria, AcPIM4 is 
proposed to be a branch point for synthesis of polar PIM end products and LM/LAM. PimE 
(Rv1159) has been shown to elongate AcPIM4 with one or more α1-2 linked mannoses to 
form AcPIM6 [36]. This polytopic membrane protein has sequence similarities with 
eukaryotic PIG-M mannosyltransferases and localizes to a cell wall-associated plasma 
membrane subdomain in M. smegmatis, termed PM-CW, to which enzymatic activities of 
AcPIM4-6 synthesis are enriched [102]. Its catalytic activity was successfully mapped to a 
conserved aspartate residue in the first outer loop of the protein. Whether PimE also forms 
AcPIM6 is unknown. Interestingly, no PimE orthologue is present in C. glutamicum and 
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Ac/Ac2PIM6 do not accumulate in this species, so the formation of Ac/Ac2PIM5/6 appears to 
be a mycobacterium-specific side-branch of the pathway. 

Surprisingly, studies in M. smegmatis have revealed a role for a lipoprotein in PIM/LAM 
synthesis, since lpqW mutants produce reduced levels of LM/LAM [129]. As the only non- 
enzymatic component of the pathway identified to date, LpqW has been proposed to have 
a regulatory role at the bifurcation point of the pathways, as well as a functional 
connection with PimE, since mutations in the pimE gene can bypass the requirement for 
LpqW [130]. Very recent studies have implicated the corynebacterial ortholog of LpqW in 
the LM-B pathway as well (Rainczuk et al, submitted). Structural studies on the M. 
smegmatis LpqW revealed a scaffold similar to substrate binding proteins associated with 
ABC transporters, which has evolved to fulfill a new role in the regulation of PIM/LAM 
biosynthesis [131]. 

3.3.6. LM/LAM 

A subpopulation of PIMs (AcPIM4 in mycobacteria [128, 129, 132] and AcPIM2 in 
corynebacteria [133]) can be extended with chains of α1-6 linked mannose to form LM that is 
further modified with a number of single α1-2 mannose side chains [134-136]. MptB is a 
PPM-dependent mannosyltransferase involved in extending AcPIM2 to form the proximal 
α1-6 mannan backbone of LM in C. glutamicum but is redundant in M. smegmatis [133], 
indicating additional complexity at this step in mycobacteria. Further elongation is 
performed by MptA (Rv2174) [135, 136], with MptC (Rv2181) required for addition of α1-2 
linked Man side chains [106, 134, 137, 138]. Further additions of arabinose units by EmbC 
(Rv3793), AftC (Rv2673), AftD (Rv0236c) and at present unidentified α1-5 
arabinofuranosyltransferases, result in the formation of mature LAM [139-142]. In M. 
tuberculosis and other pathogenic mycobacteria, additional mannose capping is present 
[143], synthesized by the enzymes MptC [137] and Rv1635c [144]. Alternatively, M. 
smegmatis LAM is capped with inositol phosphate [145]. 

While the general PIPIMLMLAM pathway is conserved in corynebacteria, a second 
pathway of lipoglycan biosynthesis exists in which a sub-population of LM lipoglycans is 
assembled on a glucopyranosyluronic acid diacylglycerol (Gl-A, GlcADAG) glycolipid 
anchor [118, 121, 133]. In this pathway (Fig. 4B), Gl-A is first mannosylated by MgtA 
(NCgl0452 in C. glutamicum and previously termed PimB, see above) forming mannosyl-
glucuronic acid diacylglycerol (Gl-X, ManGlcADAG), which is subjected to further α1-6 
(backbone) and α1-2 (side unit) mannosylation resulting in LM [121]. This pathway shares 
some PPM-dependent enzymes with the PI-based LM pathway including MptB, since an 
mptB (NCgl1505) mutant of C. glutamicum fails to produce intermediates beyond Gl-X or 
AcPIM2 [133]. For clarity, the PI-based LM pool has been designated LM-A while this 
second pathway produces LM-B [121, 146], the major LM pool in C. glutamicum [118]. While 
C. glutamicum produces LAMs via LM-A using a similar pathway to mycobacteria, its LAMs 
are smaller and structurally distinct, with more extensive mannosylation and singular Araf 
capping [147]. 
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Figure 4. Summary of Lipoglycan Biosynthesis Pathways in Corynebacterineae. A) The 
mycobacterial pathway and structures for LM-A/LAM are shown, although several steps are inferred 
from studies in C. glutamicum. A progression from PIM1 to AcPIM2 via AcPIM1 can also occur but is 
sub-optimal in mycobacteria. AcPIM3 is shown as the substrate for the unidentified flippase but 
AcPIM2 may be the preferred substrate: AcPIM2 appears to be the flipped intermediate in C. 
glutamicum. Reactions associated with the PMf and PM-CW subfractions of M. smegmatis are shaded 
orange and grey, respectively. B) LM-B pathway in C. glutamicum. Its presence in mycobacteria remains 
to be determined. Intermediates representing Gl-Y and Gl-Z have been detected in very recent studies 
(Rainczuk et al, submitted). C) PPM serves as the lipid-linked donor of mannose for both pathways. The 
mechanism of flipping is undetermined. PM, plasma membrane. Other abbreviations are as defined in 
the text. 

3.4. Prenol lipids 

Polyprenol phosphate (Pol-P) is a key carrier lipid in synthesis of the core structures of the 
mycobacterial cell wall, including peptidoglycan and arabinogalactan. Unlike most bacteria, 
mycobacteria contain multiple types of Pol-P. For example, M. smegmatis produces 
decaprenol phosphate (C50, Dec-P, [148]) and heptaprenol phosphate (C35, Hep-P, [149]). 
Polyprenols are thought to be synthesized via the condensation of two C5 lipids, isopentenyl 
diphosphate [150-152] and dimethylallyl diphosphate derived from the mevalonate-
independent methylerythritol 4-phosphate (MEP) pathway. These reactions are catalyzed by 
prenol diphosphate synthases and two M. tuberculosis proteins, Rv2361c and Rv1086, acting 
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sequentially, are thought to fulfill this role [148, 149, 153-155].  Finally, the C50 decaprenol 
diphosphate is dephosphorylated to produce Dec-P by an unknown phosphatase. 

3.4.1. Polyprenol-phospho-sugars 

3.4.1.1. PPM 

PPM, a β-D-mannosyl-1-monophosphoryldecaprenol, is utilized by periplasmic 
mannosyltransferases for synthesis of polar PIM species and LMs [106]. C35/C50-P-Manp is 
formed by the PPM synthase Ppm1 (Rv2051c) from GDP-Manp and Pol-P [126, 127] (Fig. 
4C). In M. tuberculosis Ppm1 consists of two domains: a C-terminal catalytic domain and a 
N-terminal membrane anchor with 6 transmembrane helices. However, the equivalent 
domains of the M. smegmatis PPM synthase are two distinct, but interacting, proteins [156]. 
The importance of PPM in cell wall synthesis has been highlighted by analysis of a ppm1 
mutant in C. glutamicum that failed to produce PPM, resulting in severe defects in lipoglycan 
biosynthesis. While the mutant could synthesize PIM2 species, all downstream products 
(LM, LAM) were absent, indicating their reliance on the PPM donor [127]. These findings 
were consistent with others showing that amphomycin, an antibiotic specific for PPM-
dependent polymerases, blocked the PIM pathway at the PIM2 or PIM3 stage [125, 128]. The 
product of the Rv3779 gene has also been implicated in PPM synthesis but its role remains 
unclear [157, 158]. 

3.4.1.2. DPA 

DPA is the only known donor of arabinose (Ara) for mycobacterial cell wall synthesis, 
contributing Araf units to arabinogalactan and LAM [106] with concomitant release of Pol-P. 
The Araf portion is derived from the pentose-phosphate pathway [159-161]. 5-
phosphoribose 1-diphosphate is transferred to Dec-P by the Rv3806c gene product [162] and 
the resultant Dec-P-β-D-5-phosphoribose is dephosphorylated to form Dec-P-β-D-ribose. 
Oxidation of the 2’ hydroxyl is followed by a reduction reaction to form DPA. This two-step 
epimerization reaction is catalyzed by the combined activities of DprE1 (Rv3790) and DprE2 
(Rv3791) [163]. Since DPA is the sole donor of Araf residues for mycobacterial cell wall 
synthesis, this pathway is of interest for drug development. Indeed, DprE1 is the target of 
dinitrobenzamide derivatives (DNBs) [164] and a set of nitro-compounds related to DNBs, 
the nitro-benzothiazinones (BTZ), a class of compounds with nanomolar anti-M. tuberculosis 
activities but minimal host-cell toxicity [165-167]. The essential nature of DprE1 in species 
beyond M. tuberculosis [168] reinforces it as a “magic” drug target [169]. The crystal structure 
of M. tuberculosis DprE1 complexed with BTZ inhibitors has been reported very recently, 
revealing the mode of inhibitor binding [170]. 

3.4.2. Carotenoids 

Carotenoids are isoprenoid pigments widely distributed in biology and mostly based on C40-
polyene. Synthesis of these pigments has been poorly studied in mycobacteria but they have 
proven useful for taxonomic and identification purposes. Mycobacterial pigments are 
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generally yellow or orange and most have been confirmed as carotenoids [171]. While 
carotenoid genetics has been best studied in plants, the key enzymes of the pathway have 
been identified in bacteria, including mycobacteria [172-174]. There are two classes of 
carotenoids in bacteria, carotenes and xanthophylls, the latter of which contain oxygen. Both 
classes are composed of eight isoprenoid units with a long central chain of double bonded 
carbons. A consensus pathway for carotenoid biosynthesis in bacteria has been elucidated 
with orthologues of key enzymes identified in several species of mycobacteria [175]. As 
described above for prenol lipids, the carotenoid pathway begins with isopentenyl 
diphosphate and dimethylallyl diphosphate derived from the MEP pathway [176]. Head-to-
tail condensation of these terpenes produces geranylgeranyl pyrophosphate (GGPP) due to 
the activity of GGPP synthase (CrtE). Condensation of two GGPP molecules [177] is 
followed by desaturation to phytoene by phytoene synthase (CrtB). Phytoene desaturase 
(CrtI) converts phytoene to lycoprene followed by cyclization to β-carotene by lycoprene 
cyclase (CrtY) [178]. 

4. Concluding remarks 

Lipid metabolism in mycobacteria and corynebacteria is a highly complex network of 
catabolic and anabolic reactions. While the metabolic pathways and many of the enzymes 
involved have been actively elucidated over the past decade, substantial efforts are still 
needed to draw a comprehensive map of lipid metabolism in these organisms. In particular, 
our understanding of regulatory mechanisms of lipid metabolism is currently at an early 
stage. In addition, there are very few studies describing the interactions between multiple 
metabolic pathways of lipid biosynthesis. One promising approach for the comprehensive 
understanding of lipid metabolism is lipidomics, which is the study of lipid biosynthetic 
and catabolic pathways at a global level [179]. In the past, metabolic pathways have 
generally been examined in isolation without consideration of how different pathways 
might interact with, and influence, one another. Since the plasma membrane is a shared 
platform for most lipid biosynthetic pathways, and some donors are shared between 
different pathways (see above), it seems unlikely that the various pathways are truly 
independent. Recent advances in mass spectrometry (e.g. MALDI-MS, ESI-MS), nuclear 
magnetic resonance spectroscopy and associated computational methods have fuelled the 
development of this field [180]. Members of the Corynebacterineae, with their extensive 
lipid repertoires and complex metabolic pathways, would seem to be ideal targets to assess 
the true potential of lipidomics technologies. Recently, appropriate databases and methods 
for detection and identification of all major lipid classes of M. tuberculosis from a single 
crude extract have been developed [181, 182].  Very recently, a lipidomics profiling platform 
has been reported that uses high-performance liquid chromatography/mass spectrometry to 
resolve more than 12,000 molecules from M. tuberculosis [183]. These exciting advances 
provide a basis for future studies on the regulation of lipid metabolism and may allow, for 
the first time, a true appreciation of the interactive lipid networks of mycobacteria and 
corynebacteria. 
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generally yellow or orange and most have been confirmed as carotenoids [171]. While 
carotenoid genetics has been best studied in plants, the key enzymes of the pathway have 
been identified in bacteria, including mycobacteria [172-174]. There are two classes of 
carotenoids in bacteria, carotenes and xanthophylls, the latter of which contain oxygen. Both 
classes are composed of eight isoprenoid units with a long central chain of double bonded 
carbons. A consensus pathway for carotenoid biosynthesis in bacteria has been elucidated 
with orthologues of key enzymes identified in several species of mycobacteria [175]. As 
described above for prenol lipids, the carotenoid pathway begins with isopentenyl 
diphosphate and dimethylallyl diphosphate derived from the MEP pathway [176]. Head-to-
tail condensation of these terpenes produces geranylgeranyl pyrophosphate (GGPP) due to 
the activity of GGPP synthase (CrtE). Condensation of two GGPP molecules [177] is 
followed by desaturation to phytoene by phytoene synthase (CrtB). Phytoene desaturase 
(CrtI) converts phytoene to lycoprene followed by cyclization to β-carotene by lycoprene 
cyclase (CrtY) [178]. 

4. Concluding remarks 

Lipid metabolism in mycobacteria and corynebacteria is a highly complex network of 
catabolic and anabolic reactions. While the metabolic pathways and many of the enzymes 
involved have been actively elucidated over the past decade, substantial efforts are still 
needed to draw a comprehensive map of lipid metabolism in these organisms. In particular, 
our understanding of regulatory mechanisms of lipid metabolism is currently at an early 
stage. In addition, there are very few studies describing the interactions between multiple 
metabolic pathways of lipid biosynthesis. One promising approach for the comprehensive 
understanding of lipid metabolism is lipidomics, which is the study of lipid biosynthetic 
and catabolic pathways at a global level [179]. In the past, metabolic pathways have 
generally been examined in isolation without consideration of how different pathways 
might interact with, and influence, one another. Since the plasma membrane is a shared 
platform for most lipid biosynthetic pathways, and some donors are shared between 
different pathways (see above), it seems unlikely that the various pathways are truly 
independent. Recent advances in mass spectrometry (e.g. MALDI-MS, ESI-MS), nuclear 
magnetic resonance spectroscopy and associated computational methods have fuelled the 
development of this field [180]. Members of the Corynebacterineae, with their extensive 
lipid repertoires and complex metabolic pathways, would seem to be ideal targets to assess 
the true potential of lipidomics technologies. Recently, appropriate databases and methods 
for detection and identification of all major lipid classes of M. tuberculosis from a single 
crude extract have been developed [181, 182].  Very recently, a lipidomics profiling platform 
has been reported that uses high-performance liquid chromatography/mass spectrometry to 
resolve more than 12,000 molecules from M. tuberculosis [183]. These exciting advances 
provide a basis for future studies on the regulation of lipid metabolism and may allow, for 
the first time, a true appreciation of the interactive lipid networks of mycobacteria and 
corynebacteria. 
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1. Introduction 

Proteolysis in eukaryotic cells can be separated into two major pathways: one is mediated by 
the ubiquitin-proteasome system and by the autophagy-lysosome system. Substrates of 
lysosomes may be taken through heterophagocytosis, endocytosis, or autophagy into 
heterophagosomes, early endosomes, or autophagosomes, which receive lysosomal 
enzymes via transporting vesicles from the trans-Golgi network or lysosomes and become 
heterophagolysosomes, late endosomes, or autolysosomes [1-4]. Different from endocytosis 
and heterophagocytosis, substrates of autophagy are limited to intracellular constituents 
and include various membranous organelles together with a part of the cytoplasm [3]. Until 
recently, 18 autophagy-related proteins (Atgs) have been shown to be involved in 
autophagosome formation, although more than 30 Atgs have been uncovered to regulate 
autophagy [2, 5]. Such autophagy contributes to the maintenance of cellular homeostasis [6]. 
Impairment of autophagy, therefore, causes severe degenerative alterations in various tissue 
cells [1, 4, 7]. In addition to the maintenance of basal cellular metabolism, autophagy is 
induced in response to various stresses such as starvation and diseases [8-13].  

Since one of the major sources in living organisms is lipid, the metabolism of lipid is finely 
regulated. Besides adipose tissues, neutral lipids, most of which are mainly triacylglycerol 
(TAG) and cholesterol ester (CE) in cells, are stored in a sort of inclusion body, called the 
lipid droplet or lipid body [14-16]. Under nutrient-rich situations, excess fatty acids may be 
converted to TAG through lipogenesis and stored in lipid droplets, whereas lipid droplets 
under starvation conditions may be a source to produce lipids by lipolysis for cell usage 
[16]. Under stress or starvation states, proteins are also degraded to produce an amino acid 
pool that is used in part for energy metabolism through glyconeogenesis, while free fatty 
acids (FFAs) from adipocytes are delivered to hepatocytes and cardiac myocytes where they 
are used as an energy source via -oxidation [15, 16]. At the initial stage during fasting, 
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1. Introduction 

Proteolysis in eukaryotic cells can be separated into two major pathways: one is mediated by 
the ubiquitin-proteasome system and by the autophagy-lysosome system. Substrates of 
lysosomes may be taken through heterophagocytosis, endocytosis, or autophagy into 
heterophagosomes, early endosomes, or autophagosomes, which receive lysosomal 
enzymes via transporting vesicles from the trans-Golgi network or lysosomes and become 
heterophagolysosomes, late endosomes, or autolysosomes [1-4]. Different from endocytosis 
and heterophagocytosis, substrates of autophagy are limited to intracellular constituents 
and include various membranous organelles together with a part of the cytoplasm [3]. Until 
recently, 18 autophagy-related proteins (Atgs) have been shown to be involved in 
autophagosome formation, although more than 30 Atgs have been uncovered to regulate 
autophagy [2, 5]. Such autophagy contributes to the maintenance of cellular homeostasis [6]. 
Impairment of autophagy, therefore, causes severe degenerative alterations in various tissue 
cells [1, 4, 7]. In addition to the maintenance of basal cellular metabolism, autophagy is 
induced in response to various stresses such as starvation and diseases [8-13].  

Since one of the major sources in living organisms is lipid, the metabolism of lipid is finely 
regulated. Besides adipose tissues, neutral lipids, most of which are mainly triacylglycerol 
(TAG) and cholesterol ester (CE) in cells, are stored in a sort of inclusion body, called the 
lipid droplet or lipid body [14-16]. Under nutrient-rich situations, excess fatty acids may be 
converted to TAG through lipogenesis and stored in lipid droplets, whereas lipid droplets 
under starvation conditions may be a source to produce lipids by lipolysis for cell usage 
[16]. Under stress or starvation states, proteins are also degraded to produce an amino acid 
pool that is used in part for energy metabolism through glyconeogenesis, while free fatty 
acids (FFAs) from adipocytes are delivered to hepatocytes and cardiac myocytes where they 
are used as an energy source via -oxidation [15, 16]. At the initial stage during fasting, 
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FFAs are also converted to triacylglycerol (TAG) and stored as lipid droplets (LDs) that are 
used for an energy source when starvation continues.  

It has been shown that loss of Atg7 largely suppresses LD formations in hepatocytes and 
cardiac myocytes 24 hours after the start of starvation, although numerous LDs accumulate 
in normal hepatocytes and cardiac myocytes under the same conditions [11]. Moreover, a 
mouse model with a targeted deletion of atg7 in adipose tissue has been generated; the 
mutant mice were slim and contained only 20% of the mass of white adipose tissue (WAT) 
found in wild-type mice [17]. These mutant mice exhibit a high sensitivity to insulin that 
reduces low fed plasma concentrations of FFAs, and also exhibit a marked decrease in 
plasma concentrations of leptin but not adiponectin, and lower plasma concentrations of 
TAG. LDs, initially considered inert lipid deposits, have gained the classification of cytosolic 
organelles during the last decade due to their defined composition and the multiplicity of 
specific cellular functions in which they are involved [18]. At present, it remains largely 
unknown how autophagy is involved in LD metabolism, although lipophagy may occur in 
cells.  

One thing that we have found is that a lipidated form of LC3, representing the Atg8 family 
of proteins, is localized on the surface of LDs and also in LD fractions, in addition to ADRP 
and perilipin, representing the PAT family of proteins that cover the surface of LDs. In this 
review we will introduce the LC3 conjugation system that is involved in lipid metabolism 
via LD formation..  

2. Microtubule-associated protein 1A/1B light chain 3 (LC3) localizes not 
only to autophagosomal membranes but also on the surface membrane of 
LDs in hepatic and cardiac tissues under starvation conditions  

It is well known that hepatocytes are morphologically and functionally different between 
the periportal and perivenous regions; periportal hepatocytes are glycogenic and lipolytic, 
while perivenous hepatocytes are glycolytic and lipogenic [19]. Lysosomes in hepatocytes 
are also more abundant in the perivenous region than in the periportal region [19, 20].  

Such a morphological difference is largely altered when mice are starved for 24 or 48 hours; 
numerous autophagosomes that contain part of the cytoplasm and possess the cisternal or 
double isolation membranes and autolysosomes appear near bile canaliculi in hepatocytes 
24 hours after the commencement of starvation and those that in some cases contain 
mitochondria are seen 48 hours later [4, 9]. In addition to autophagosomes and 
autolysosomes, LDs accumulate abundantly in the cytoplasm of hepatocytes. When livers of 
conditional Atg7-deficient mice (Atg7Flox/Flox: Albumin-Cre) at 22 days, or 6 or 8 weeks of age 
were examined, positive staining for LDs is sparsely detected in the hepatocytes under 
starvation conditions for 12 or 24 hours, although they are abundant in the cytoplasm of the 
hepatocytes of the control littermate mouse liver (Fig. 1). Size and amount of stained LDs 
were much smaller in hepatocytes deficient in Atg7 than in the control hepatocytes. When 
examined by electron microscopy, the diameter of LDs in the control hepatocytes is various 
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and ranged up to 2.61 m (the mean diameter (± SD)) is 1.12 ± 0.17 m). Different from the 
control, mutant hepatocytes mainly possess smaller LDs whose diameter ranged up to 0.83 
m (the average diameter is 0.19 ± 0.17 m). Moreover, small LD-like bodies were observed 
in the luminal space of rough surfaced endoplasmic reticulum (rER), Golgi cisternal ends, 
and vesicles near the Golgi apparatus of the cells, indicating that the lumenally-sorted LDs 
are normally produced in the rER of both mutant and control hepatocytes. Importantly, the 
total TAG amount in Atg7-deficient liver and control livers is half of that in the control liver. 
These data indicate that the conjugation system of LC3 by Atg7 is required for the formation 
of LDs. 

 
Figure 1. BODIPY staining (green) of hepatocytes obtained from control littermate (left) and Atg7-
deficient (right) mice at the age of 6 weeks. Mice were housed under starvation conditions for 24 hours. 
BODIPY-positive LDs are abundant in hepatocytes from control littermate mouse, while positive LDs 
largely disappear from the Atg7-deficient hepatocytes. Bar= 50 m 

3. Inhibition of LD formation in hepatocytes deficient in Atg7 after 
deprivation  

It has been shown that autophagy may play an important role in normal adipogenesis and 
that inhibition of autophagy by disrupting the atg7 gene has a unique anti-obesity and 
insulin sensitization effect [17]. LDs are ubiquitous in eukaryotic cells, while excess free fatty 
acids and glucose in plasma are converted to TAG and stored as LDs (Fig. 1). However, the 
mechanism for the generation and growth of LDs in cells is largely unknown. As stated 
above, Atg7 that mediates LC3 lipidation and is essential for autophagy is involved in LD 
formation [4, 9]. LD formation accompanied by accumulation of TAG induced by starvation 
is largely suppressed in hepatocytes that cannot execute autophagy.  

It is well known that LC3, microtubule-associated protein A/B light chain 3, is localized on 
the surface of the isolation membrane when starvation is induced [9]. Using GFP-LC3 
transgenic mice, GFP-LC3 becomes dot-shaped, cap-shaped and ring-shaped in 
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hepatocytes and cardiac myocytes under starvation conditions [21]. When immunostained 
for LC3 under starvation conditions, positive staining is, as shown by GFP-LC3 in TG 
mice, dot-shaped, cap-shaped, and ring-shaped in hepatocytes and cardiac myocytes 
(Figs. 2 and 3, Tables 1 and 2). Interestingly, positive staining of LC3 in cardiac myocytes 
is longitudinally arrayed in parallel to myofilaments. In both hepatocytes and cardiac 
myocytes, LDs are abundant 24 hours after the onset of starvation [9]. In particular, 
electron microscopic observations show that no clear-cut autophagosomes are detected in 
cardiac myocytes, although many large LDs are arranged longitudinally in parallel to the 
array of myofilaments together with mitochondria. This arrangement of LDs in cardiac 
myocytes is very similar to that of LC3-positive granules. To examine the relationship 
between staining patterns of LC3 and LDs in both hepatocytes and cardiac myocytes, 
double staining for perilipin with LC3 was performed. The results indicate that perilipin-
positive LDs are also immunopositive for LC3 on the surface of LDs in both hepatocytes 
and cardiac myocytes [9]. In hepatocytes, there is also dotted staining of LC3 that is free of 
LD staining, whereas most LD-positive staining is co-localized with LC3 in cardiac 
myocytes (Figs. 2 and 3, Tables 1 and 2).  

 
 
 

  
 
 
Figure 2. LC3 localizes not only to autophagosomes but also LDs in liver and heart tissues of mice 
under starvation conditions for 24 hours. (A-L) Double staining of LC3 (green) (A, D, G, J) and perilipin 
(B, E) or BODIPY (H, K) (red) in liver (A-C, G-I) and heart (D-F, J-L) tissues. Ring-shaped structures that 
were costained for LC3 and perilipin in boxed areas (C, F) are enlarged in insets. One of the ring-shaped 
structures that were costained for LC3 and BODIPY in a boxed area (L) was enlarged in an inset. Bar 
indicates 5 µm (1 µm in inset). This figure is referred from Biochemical and Biophysical Research 
Communications (Shibata et al., 382 (2009) 419–423). 
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Figure 3. Schematic demonstrations of LC3 staining in cells from mice under fed (left panel) and starved 
(right panel) conditions. When mice are fed, cells start to produce and store glycogen granules, whereas 
under starved conditions, lipid droplets are increased and many autophagic granules with double 
membranes increase in the cytoplasm. In this situation, the lipidated form of LC3 is attached to the 
isolation membrane of autophagosomes (blue color) and the surface membrane of LDs (yellow). Starvation 
is further continued, and some mitochondria are enwrapped by the isolation membrane (mitophagy). 
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 hepatocytes cardiac myocytes 
Starvation Apg LD Apg LD 
 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 
 ++ ++ ++ ++ +/- +/- ++ + 
LC3 (ICH) ++ ++ ++ ++ +/- - + +/- 
LC3-II (WB) ++ ++ ++ ++ ++ +/- + +/- 
Mitophagy (EM) +/- +   not detected 

Apg, autophagosome; EM, electron microscopy; h, hours; ICH, immunocytochemistry; ++, highly positive; +,  
positive; +/-, rare; WB, Western blot  

Table 1. Morphological changes detected in hepatocytes and cardiac myocytes after starvation 

 

 Liver heart 
lipid fraction   

ADRP ++ ++ 
LC3-II + + 

Staining of LD in LD fraction from livers with anti-LC3 ++  
++, highly positive; +, positive 

Table 2. Proteins detected in lipid fractions 

In fact, cytosolic LC3 is converted to membrane-bound LC3 (LC3-II) in both hepatocytes and 
cardiac myocytes 24 hours after the start of starvation. Electron microscopic morphometry 
reveals that the volume densities of autophagosomes/autolysosomes and LDs increase in 
hepatocytes 24 and 48 hours after the onset of starvation, whereas autophagosomes and 
autolysosomes are rarely found in cardiac myocytes and the volume density of LDs is only 
counted and significantly increased in them [9]. The amounts of TAG in hepatocytes and 
cardiac myocytes significantly increase after the onset of starvation, whereas the increase in 
TAG amount is much lower in cardiac myocytes than in hepatocytes and continues until 24 
hours. Moreover, LC3 is localized on the surface of LDs and LC3-II (lipidated form) is 
fractionated into a perilipin and ADRP (LD marker)-positive lipid fraction from the starved 
liver and cardiac myocytes, respectively. In fact, the surface of such LDs obtained from the 
LD fraction is labeled by gold particles showing the antigenicity of LC3. Taken together, 
these results indicate that the LC3 conjugation system is critically involved in lipid 
metabolism via LD formation. 

4. Generation of LDs is inhibited in various LC3 mRNA-knockdown 
cultured cells  

The cytoplasmic LD is an organelle that has a neutral lipid core with a single phospholipid 
layer. LDs are believed to be generated between the two leaflets of the endoplasmic reticulum 
(ER) membrane and to play various roles, such as high efficiency energy storage [16]. 
However, it remains largely unknown how LDs are generated or grow in the cytoplasm. As 
has been shown previously, the Atg conjugation system that is essential for autophagosome 
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formation is involved in LD formation in hepatocytes and cardiac myocytes. This tendency has 
also been confirmed in white adipose tissue of conditional Atg7-knockout mice that show less 
production fat bodies in the tissue [17].  

It has been shown that LDs temporally accumulate in the cultured cell lines during 
proliferation [22]. We have confirmed that LDs are produced in cultured cells seeded at a 
density of 70% confluency [11]. Accordingly, it has been shown that LDs that are stained 
with BODIPY are significantly augmented in PC12 cells 12 hours after the start of cultures, 
while immunosignals for LC3 are colocalized with BODIPY-positive LDs [11]. By 
immunoelectron microscopy, gold particles indicating LC3 are found on the surface of LDs 
in PC12 cells. Moreover, by cell fractionation the membrane type of LC3 is demonstrated in 
the perilipin-positive LD fraction. It still remains unknown whether LC3 itself is involved in 
LD formation. Since LC3 is a substrate of Atg7, cultured cell lines such as HeLa cells, PC12 
cells, HepG2 cells, and Cos-1 cells, were examined to check the relationship of LC3 and LD 
formation. Expression of LC3 was suppressed by the method of RNA interference (RNAi), 
and it was found that LD formation is largely inhibited in these cells. TAG, a major 
component of LDs, is synthesized and degraded in LC3 mRNA-knockdown cells as well as 
in control cells. Interestingly, the potential for bulk protein degradation in the knockdown-
cells is also evident in the control cells.  

3T3 L1 cells, a progenitor cell line of adipocytes, accumulate LDs 12 hours after the start of 
cultures and LD formation is suppressed in the cells when mRNA of LC3 is knocked 
down [11]. Differentiation of L1 cells into adipocytes is confirmed by the mRNA 
expression of sterol regulatory element binding factor 1 (SREBF1) and peroxisome 
proliferator activated receptor (PPAR), adipose specific proteins. It takes 6days until the 
L1 cells differentiate, and as the cells differentiate, it is found that the amount of LC3 
mRNA also increases. In this differentiated situations, the surface of LDs in L1 cells is 
covered with perilipin and LC3. In LC3 mRNA-knockdown L1 cells, however, BODIPY-
positive LDs largely disappear.  

These findings indicate that LC3 is involved in the LD formation regardless of the bulk 
degradation, and that LC3 has two pivotal roles in cellular homeostasis mediated by 
autophagy and lipid metabolism. 

5. Connection between autophagy and lipid metabolism 

Recent studies provide supporting evidence for a connection between autophagy and 
lipid metabolism, both lipid storage and lipolysis. The involvement of autophagy in 
lipolysis of LDs in hepatocytes has been reported by the groups of Czaja and Cuervo, who 
showed that loss of Atg7 (Atg7Flox/Flox:albumin-Cre mice) results in accumulation of LDs in 
hepatocytes [18, 23-25]. Lipophagy, which is a form of autophagy that enwraps LDs by the 
isolation membrane has recently been considered important for the production of FFAs by 
degrading TAGs under acidic milieu and the FFAs produced fuel cellular rates of 
mitochondrial -oxidation [18, 23-25]. This process, called lipophagy has recently been 
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L1 cells differentiate, and as the cells differentiate, it is found that the amount of LC3 
mRNA also increases. In this differentiated situations, the surface of LDs in L1 cells is 
covered with perilipin and LC3. In LC3 mRNA-knockdown L1 cells, however, BODIPY-
positive LDs largely disappear.  
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degradation, and that LC3 has two pivotal roles in cellular homeostasis mediated by 
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lipolysis of LDs in hepatocytes has been reported by the groups of Czaja and Cuervo, who 
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degrading TAGs under acidic milieu and the FFAs produced fuel cellular rates of 
mitochondrial -oxidation [18, 23-25]. This process, called lipophagy has recently been 
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thought to function to regulate intracellular lipid stores, cellular levels of free lipids such 
as fatty acids and energy homeostasis [25]. On the contrary, as described in this chapter, it 
has been shown that loss of Atg7 (Atg7Flox/Flox:albumin-Cre mice) largely suppresses LD 
formation in hepatocytes and cardiac myocytes 24 hours after the start of starvation, 
although numerous LDs accumulate in normal hepatocytes and cardiac myocytes under 
the same conditions [9] (Fig. 1).  

Electron microscopic analysis of wild-type mice by the former group shows LD-containing 
autophagosomes (lipophagosomes) under starvation conditions, although the latter group 
indicates that it is hard to see the presence of LDs enwrapped by double membranes even 
under starvation conditions, and that different from lipophagy, mitophagy can easily be 
found in hepatocytes if the mice are starved for 48 hours. 

Two groups used different experimental approaches in their studies, which may underlie 
different conclusions. One critical point is to consider that Atg7Flox/Flox: albumin-Cre mice cause 
hepatomegaly and hepatitis with accumulation of abnormal organelles in hepatic cells [26]. 

Recently, metabolic contributions of amino acids released from liver by starvation-induced 
autophagy in adult animals using liver-specific Atg7-deficient mice have also been studied 
systematically [8]. That is, liver specific conditional Atg7-knockout mice (Atg7Flox/Flox:Mx1 
mice) are generated by the different method from Atg7Flox/Flox:albumin-Cre mice [25]. To 
delete Atg7 from the liver, Cre expression in the liver was induced by intraperitoneal 
injection of polyinosinic acid-polycytidilic acid (pIpC), while complete deletion of the Atg7 
protein in the liver was verified using immunoblotting analyses. Atg7-knockout mice are 
used 10 days after the injection of pIpC. No sign of hepatomegaly and hepatitis is observed 
within 2 weeks after the injection of pIpC. For synchronous induction of autophagy in the 
liver, mice previously fasted for 24 hours and preserve numerous LDs in hepatocytes, are 
fed by a pelleted laboratory diet for 2 hour (20:00–22:00) in the dark to suppress autophagic 
activity to a minimum [8]. The diet is then withdrawn and the mice are again starved. In 
separate experiments, it has been confirmed that the stomach and intestine are filled with a 
digested diet at the end of the 2 hour-feeding period. In this situation, hepatocytes become 
to change from the stage of lipogenesis and glycolysis to that of lipolysis and glycogenesis in 
hepatocytes. Electron microscopic examinations clearly show that in the control mice 
numerous LDs are continuously present in hepatocytes after 2 hour-feeding, and decrease 
during starvation [8]. Most LDs disappear in the liver after 24 hours of starvation, while 
glycogen granules increase in hepatocytes. In contrast, the number of autophagic vacuoles 
in the liver after 24 hour of starvation is increased dramatically. Such vacuoles and LDs are 
not observed in liver-specific Atg7-deficient mice [8].  

These findings seem to indicate that LDs that accumulate in the liver during 24 hours fasting 
decrease in parallel with the following activation of autophagy after a 2 hour-feeding , but 
that loss of autophagy does not inhibit the disappearance of LDs in the liver. Thus another 
mechanism may operate in the removal of LDs from the liver that accumulated by 
starvation. 
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In adipose tissue, knock out of either Atg7 [9] or Atg5 [17] leads to reduced accumulation 
of lipid and impaired differentiation of adipocytes. The mutant white adipocytes are 
smaller with multiple LDs. It has been suggested that Atg5 deletion causes adipogenesis 
arrest at the later stages of mouse embryos. The possibility that a defect of Atg5-
dependent Atg8 (LC3) lipidation and translocation to LDs of adipocytes may result in 
inefficient droplet fusion, which contributes to the defect of adipogenesis cannot be ruled 
out. The same authors observed reduced differentiation in Atg 5-deficient mouse 
embryonic fibroblasts (MEFs) model. An essential role of autophagy in lipid storage is 
also suggested in fat body cells of Drosophila. Knockdown of Atg1 or Atg6 led to small 
lipid droplets [27]. The paper has also indicated that Rab32 may regulate lipid storage by 
affecting autophagy [27]. Rab32 and several other Rabs have been found to affect the size 
of lipid droplets [27] and the mechanism of droplet fusion with atg8 (LC3) and Rab 
families awaits further studies. Thus, in adipocytes autophagy may contribute to LD 
formation and not significantly to lipolysis.  

For hydrolysis of TAG in LDs of adipocytes, the molecular processes of lipolysis are 
becoming clear. Adipose tissue TAG lipase first acts on TAG to hydrolyze a fatty acyl 
chain [28]. Hormone sensitive lipase mediates the second step of lipolysis, diacylglycerol 
cleavage to monoacylglycerol. Finally monoacylglycerol lipase hydrolyzes the last side 
chain.  

6. Concluding remarks 

Lipid droplets (LDs) are key cellular organelles involved in lipid storage and mobilization. 
In non-adipocytes, LDs are small, mobile and interact with other cellular compartments. In 
contrast, adipocytes primarily contain very large, immotile LDs. The marked morphological 
differences between LDs in adipocytes and non-adipocytes suggest that key differences 
must exist in the manner in which LDs in different cell types interact with other organelles 
and undergo fusion and fission with other droplets. It has suggested that droplet fusion is 
dependent on microtubules, the motor protein dynein [29], Rab proteins [27] and the 
SNARE fusion machinery [31]. 

PAT proteins also target to the surface of LDs likely through different mechanisms. In 
adipocytes, TIP47 is found on smaller droplets and perilipin is found on larger LDs [31]. 
They may bind to different droplets associated proteins. Cleaved (and lipidated) LC3 
demonstrated on isolated LDs from non-adipocytes [9] may be involved in LDs biology as 
well as PAT proteins (Figs. 2 and 3). Nakatogawa et al. [32] have shown that lipidated ATG8 
(yeast homologue of LC3) mediates tethering between adjacent membranes of liposomes 
and stimulates membrane hemifusion, an event that may mimic expansion of the 
autophagosomal membrane during autophagy (Fig. 4). In LDs, homotropic interactions in 
adipocytes and non-adipocytes may involve a hemifusion type mechanism to 
facilitate lipid transfer (Fig.4). In adipocytes lipidated LC3 may also involved in growth of 
LDs (Fig. 4), as shown by morphological evidence that the mutant white adipocytes are 
smaller with multiple LDs [17].  
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Figure 4. As shown by Murphy [16], a large LD3 that is attached to the endoplasmic reticulum may be 
degraded by ER-associated lipases and TAG may be re-synthesized. Newly formed LD1 would re-grow 
as LD2 in the cytoplasm. As has been shown by Nakatogawa et al. [32], bilayered liposomes with Atg8 
undergo hemifusion (left upper), since Atg8 molecules are oligomerized with each other. If LC3 
molecules are oligomelized on the surface of LDs (right upper), LDs would undergo fusion and grow in 
size.  
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It must be readdressed whether autophagy may affect lipid metabolism in a tissue- or cell-
specific manner. If autophagy functions and regulates lipogenesis or lipolysis in a different 
way in non-adipocytes, it must be answered what molecular mechanisms work by which 
the autophagic machinery recognize LDs to enwrap for degradation or fuse with each other, 
and how they are regulated.  
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1. Introduction 

1.1. Fructans 

Most plants store starch or sucrose as reserve carbohydrates, but approximately 12-15% of 
higher plants (representing more than 40,000 species) synthesizes fructans as their main 
source of carbohydrates [1]. Fructans are found naturally in plants as a heterogeneous 
mixture of different polymerization degrees, they are a polydisperse mixture. Among plants 
that store fructans, many are economically important, due to its content of fructans, as it is 
the case of chicory (Cichorium intybus), agave (Agave spp.), artichoke (Cynara scolymus), dahlia 
(Dahlia variabilis), garlic (Allium sativum) and wheat (Triticum asetivum) [2, 3]. Five different 
groups of fructans have been found in nature and distinguished according to the type of 
linkage between fructose units and the position of the glucose moiety within the structure. 
These groups consist of inulins, neoseries inulins, levans, neoseries levans and graminans. 
Inulins consist of a linear β(2-1) linked fructosyl chain; neoseries inulins are composed of 
two linear β(2-1) linked fructosyl chains, one bound to the fructosyl residue of the sucrose, 
the other bound to the glucosyl residue of the same sucrose molecule; levans consist a of 
linear β(2-6) linked fructosyl chain; neoseries levans are composed of two linear β(2-6) 
linked fructosyl chains, one bound to the fructosyl residue of the sucrose, the other bound to 
the glucosyl residue and graminans which present both linkages, β(2-1) and β(2-6) links to 
the fructose moiety of sucrose [4].  

Currently, inulins are extracted from chicory roots, containing fructose chains having a 
degree of polymerization (DP) from 3 to 60 [2] (Figure 1a). The chemical or enzymatic 
(endoinulinases) hydrolysis of inulins produces inulins of shorter DP (DP<10), these are 
called fructooligosaccharides (FOS) [5, 6].  
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Mexico is considered the origin center of evolution and diversification of the Agave genus, 
since a large number of agave species are found in its territory. The Agave genus includes 
approximately 166 species and is the largest genus among the Agavaceae family that consists 
of 9 genera and approximately 293 species [7, 8]. The agave plants have the ability to grow 
in extremely dry-hot environments, where sometimes this plant is the predominant or 
exclusive flora in that type of a geo-climatic zone, however, they can also be found in 
diverse ecosystems, such as productive highlands and elevated humidity [9]. These plants 
present a crassulacean acid metabolism (CAM) and their principal photosynthetic products 
are fructans [10], fructans are synthesized and stored in the stems of agave plants.  Agave is 
the most exploited genus and economically important as the raw materials are used on the 
production of alcoholic beverages such tequila (A. tequilana) and mezcal (A. angustifolia, A. 
potatorum, A. cantala, A. duranguensis, to mention some) in Mexico. A. angustifolia is an 
endemic plant that grows in different states of Mexico; however the main producing states 
are Oaxaca and Sonora. Fructans in A. angustifolia from Oaxaca represent more than 85% of 
total water soluble carbohydrates in the plant, with an estimated DP of 32 [11].  

Agave fructans posses a molecular structure compose of a complex mixture containing 
highly branched molecules with β(2-1) and β(2-6) linkages, as well as internal and external 
glucose units, due to the existence of both types of glucose, agave fructans have been 
classified as graminans (external glucose) and agavins (internal glucose) [11] (Figure 1b).  

 
Figure 1. Schematic representation of the main structural differences between a) chicory fructans, 
“inulins” and b) agave fructans, “agavins”. 

All fructans are considered prebiotics molecules that serve as a substrate for the gut 
microbiota [6, 12-15]. A prebiotic is an ingredient selectively fermented by probiotics 
(bifidobacteria and lactobacilli) that induces specific changes on the composition and/or 
activity of the gastrointestinal microbiota, conferring benefits upon the host well-being and 
health in general [16, 17]. The fermentation of fructans in the colon generates short chain 
fatty acids (SCFAs). SCFAs formation is an important event since it favors the maintenance 
and the development of beneficial microbiota as well as the colonic epithelial cells [16]. 

Metabolism of Short Chain Fatty Acids in the Colon and  
Faeces of Mice After a Supplementation of Diets with Agave Fructans 

 

165 

1.2. Short chain fatty acids (SCFAs) 

The gastrointestinal tract is an extremely complex ecosystem containing about 1011 CFU 
(colony forming units) of bacteria per gram of intestinal content. This large population of 
bacteria plays a key role in the nutrition and health of the host [18]. The colonic microbiota 
ferments organic material that cannot be digested otherwise by the host in the upper gut. 
These include resistant starch, non-digestible carbohydrates (fructans) as well as some 
proteins and amino acids [19]. The main products of fructans metabolism in the colon are 
linear SCFAs, mostly acetate (C2:0), propionate (C3:0) and butyrate (C4:0) [19-21] (Figure 2). 
However, other fermentation products may be lactate, succinate as well as ethanol [6], 
which are sometimes only intermediates in the global process of carbohydrates fermentation 
by the microbiota, and are metabolized in varying degrees to SCFAs by interactions and/or 
collaboration of present bacteria in the ecosystem, so that generally do not accumulate to 
any significant extent in the colon [22]. Fructans fermentation also produces a few gases as 
CO2, CH4, H2 and additionally heat [19, 23]. The presence of both, non-digestible 
carbohydrates and SCFAs in the colon can positively alter the colonic physiology drastically 
[24]. Various studies on microbial population have shown that SCFAs production is in the 
order of C2:0 > C3:0 > C4:0 in a molar ratio of approximately 60:20:20 mainly in the proximal 
and distal colon [19, 25]. An increased in SCFAs synthesis also creates a more acidic 
environment in the gut, which is important in vivo in terms of colonization resistance against 
pathogens [18, 20]. The production of SCFAs is affected by many factors, including the 
source of substrate [26], in particular, the chemical composition of the fermentable substrate, 
the amount of substrate available, its physical form (e.g. particle size, solubility, association 
with undigestible complexes such as lignin) [27], the bacterial species composition of the 
microbiota [12], ecological factors (competitive and cooperative interactions between 
different groups of bacteria) and intestinal transit time [25]. The gut of mice comprises four 
sections: caecum, proximal, transverse (medial) and distal colon. The caecum and proximal 
colon are the main sites where fermentation is carried out, given the number of bacteria and 
the availability of substrate, because as it moves through the intestine toward the distal 
colon, there is a lower concentration of water as well as a depletion of carbohydrates and 
increased pH [22]. SCFAs are rapidly absorbed in the caecum and colon being excreted in 
the faeces only from 5% to 10% of them [24]. The major SCFAs (C2:0, C3:0 and C4:0), are 
absorbed at comparable rates in different regions of the colon. Once absorbed, SCFAs are 
metabolized at three major sites in the body: 1) cells of the caecum-colonic epithelium that 
use C4:0 as a major substrate for maintenance-energy; 2) liver cells that metabolize residual 
C4:0 and C3:0 used for gluconeogenesis and 50% to 70% of C2:0 is also taken up by the liver; 
and 3) muscle cells that generate energy from the oxidation of residual C2:0 [3]. 

1.2.1. Acetic (C2:0), propionic (C3:0) and butyric (C4:0) acids 

C2:0 is the principal SCFA produced in the colon, this is readily absorbed and transported to 
the liver, and therefore is less metabolized in the colon [26]. The presence of acetyl-CoA 
synthetase in the cytosol of adipose and mammary glands allows the use of C2:0 for 
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lipogenesis once it enters the systemic circulation [24]. C2:0 is the primary substrate for 
cholesterol synthesis. In the host, it may be absorbed and utilized by peripheral tissues also 
[29]. 

On the other hand, C3:0 is produced via two main pathways: 1) by fixation of CO2 to form 
succinate, which is subsequently decarboxylated (the “dicarboxylic acid pathway”) and 2) 
forms lactate and acrylate (the “acrilate pathway”) [30]. C3:0 is also a substrate for hepatic 
gluconeogenesis and it has been reported that this acid inhibits cholesterol synthesis in 
hepatic tissue [31, 32]. The ratio of C3:0 to C2:0 in the colon is relevant since it lowers 
cholesterol synthesis coming from the C2:0 pathway [32]. 

 
Figure 2. General events taken place in the large intestine. Prebiotics are the specific food for probiotics 
which ferment them to produce short chain fatty acids (SCFAs) to improve the host health. 

Finally, C4:0 is the preferred fuel by the colonic epithelial cells but also plays a major role in 
the regulation of cell proliferation and differentiation [19]. It is the most important SCFA in 
colonocytes metabolism, where 70% to 90% of C4:0 is metabolized by the colonocytes. C4:0 is 
used preferentially over C3:0 and C2:0 in a ratio of 90:30:50 [26]. Approximately 95% of the C4:0 
produced by colonic bacteria is transported across the epithelium, but concentrations in 
portal blood are usually undetectable as a result of a rapid utilization [33]. C4:0 production 
might also occur through the use of other fermentation products such as C2:0 or lactate that 
can act as precursors of C4:0.  

1.2.2. Production of SCFAs in vitro 

In vitro SCFAs production can be measured using pure cultures of selected bacteria species 
of faecal slurry and some prebiotics (undigestible carbohydrates, for instance). 

a. Inulins 

Studies in vitro using faecal inocula incubation have shown that different substrates 
(prebiotics) yield various SCFAs patterns; Van de Wiele et al. [34] compared the 
fermentation of FOS and inulin in vitro with faecal inoculum, observing that FOS and inulin 
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increased the production of SCFAs by about 30%. This increment in SCFAs production was 
attributed to an increase mainly in C3:0 and C4:0 acids. Where inulin showed a higher 
production of C3:0 acid (almost 2-fold) than FOS. The authors concluded that these 
differences correlated well with the structural differences, FOS has a short DP and inulin a 
long DP. Stewart et al. [35] analyzed the fermentation of inulins with three different chain 
lengths (short, medium and long). These researchers found that short inulins were rapidly 
fermented and produced higher concentrations of C4:0 compared with other inulins, hence, 
chain length is an important factor on the fermentation patterns of SCFAs (Table 1). Rycroft 
et al. [36] performed a comparative evaluation of different prebiotics in vitro, they observed 
that all the used substrates presented an increased concentration of C2:0 acid. Inulins 
generated the highest concentrations of C3:0 acid, but a mixture of FOS and inulin showed 
the highest production of C4:0 acid than the other prebiotics by themselves. The differences 
in SCFAs patterns in these studies may be also attributed to differences in bacteria species 
present in the faecal inocula or fermentation process used.   
 

Sample DP (mean) Time 
C2:0* C3:0* C4:0* 

Mean SEM Mean SEM Mean SEM 

A < 5 
12 h 22.3a 0.50 5.3a 0.20 12.8a 0.20 
24 h 16.9ab 0.10 2.1 0.10 9.1a 0.30 

B = 4.8 
12 h 20.2ab 1.50 4.1bc 0.02 10.2b 0.50 
24 h 15.1bd 0.03 1.8 0.20 9.0a 0.40 

C < 10 
12 h 26.8a 0.60 4.7ab 0.20 12.8a 0.30 
24 h 20.9c 0.80 2.7 0.30 9.6a 0.10 

D ≈ 10 
12 h 20.0ab 0.10 2.1d 0.10 9.3b 0.20 
24 h 14.4d 0.40 1.8 1.00 8.7a 0.30 

E > 10 
12 h 19.9ab 1.30 3.6c 0.10 9.2b 0.02 
24 h 25.1a 0.04 3.8 0.10 9.3a 0.10 

F > 20 
12 h 14.0b 2.10 0.8e 0.20 5.4c 0.10 
24 h 18.7a 0.20 2.4 0.10 6.8b 0.10 

*Concentration µmol/mL. Values with different letter within a time point are statistically different from each other 
(P<0.05). [35, with modifications]. 

Table 1. Concentration of acetic (C2:0), propionic (C3:0) and butyric (C4:0) acids obtained after 12 and 24 h 
in vitro fermentation batch with inulins of different chain length. 

b. Agave fructans 

Urías-Silvas & López [37] analyzed the prebiotic potential of fructans extracted from five 
different species of Agave spp. grown in different regions of Mexico, Dasylirion sp. and 
commercial inulins, using strains of bifidobacteria and lactobacilli. These researchers found 
that branched fructans from Dasylirion (DSC) with a DP range from 3 to 20 and A. tequilana 
from the state of Guanajuato (ATG) with a DP between 3 and 22, stimulated better the 
growth of both bacteria genera in MRS medium (Figure 3).  Moreover, the major SCFAs 
fermentation product, were acetic, formic and lactic acids, wherein the proportions of the 
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increased the production of SCFAs by about 30%. This increment in SCFAs production was 
attributed to an increase mainly in C3:0 and C4:0 acids. Where inulin showed a higher 
production of C3:0 acid (almost 2-fold) than FOS. The authors concluded that these 
differences correlated well with the structural differences, FOS has a short DP and inulin a 
long DP. Stewart et al. [35] analyzed the fermentation of inulins with three different chain 
lengths (short, medium and long). These researchers found that short inulins were rapidly 
fermented and produced higher concentrations of C4:0 compared with other inulins, hence, 
chain length is an important factor on the fermentation patterns of SCFAs (Table 1). Rycroft 
et al. [36] performed a comparative evaluation of different prebiotics in vitro, they observed 
that all the used substrates presented an increased concentration of C2:0 acid. Inulins 
generated the highest concentrations of C3:0 acid, but a mixture of FOS and inulin showed 
the highest production of C4:0 acid than the other prebiotics by themselves. The differences 
in SCFAs patterns in these studies may be also attributed to differences in bacteria species 
present in the faecal inocula or fermentation process used.   
 

Sample DP (mean) Time 
C2:0* C3:0* C4:0* 

Mean SEM Mean SEM Mean SEM 

A < 5 
12 h 22.3a 0.50 5.3a 0.20 12.8a 0.20 
24 h 16.9ab 0.10 2.1 0.10 9.1a 0.30 

B = 4.8 
12 h 20.2ab 1.50 4.1bc 0.02 10.2b 0.50 
24 h 15.1bd 0.03 1.8 0.20 9.0a 0.40 

C < 10 
12 h 26.8a 0.60 4.7ab 0.20 12.8a 0.30 
24 h 20.9c 0.80 2.7 0.30 9.6a 0.10 

D ≈ 10 
12 h 20.0ab 0.10 2.1d 0.10 9.3b 0.20 
24 h 14.4d 0.40 1.8 1.00 8.7a 0.30 

E > 10 
12 h 19.9ab 1.30 3.6c 0.10 9.2b 0.02 
24 h 25.1a 0.04 3.8 0.10 9.3a 0.10 

F > 20 
12 h 14.0b 2.10 0.8e 0.20 5.4c 0.10 
24 h 18.7a 0.20 2.4 0.10 6.8b 0.10 

*Concentration µmol/mL. Values with different letter within a time point are statistically different from each other 
(P<0.05). [35, with modifications]. 

Table 1. Concentration of acetic (C2:0), propionic (C3:0) and butyric (C4:0) acids obtained after 12 and 24 h 
in vitro fermentation batch with inulins of different chain length. 

b. Agave fructans 

Urías-Silvas & López [37] analyzed the prebiotic potential of fructans extracted from five 
different species of Agave spp. grown in different regions of Mexico, Dasylirion sp. and 
commercial inulins, using strains of bifidobacteria and lactobacilli. These researchers found 
that branched fructans from Dasylirion (DSC) with a DP range from 3 to 20 and A. tequilana 
from the state of Guanajuato (ATG) with a DP between 3 and 22, stimulated better the 
growth of both bacteria genera in MRS medium (Figure 3).  Moreover, the major SCFAs 
fermentation product, were acetic, formic and lactic acids, wherein the proportions of the 
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acids varied depending on the prebiotic type used by the different bacteria. Figure 4 shows 
the fermentation products only for the two agave fructans (DSC and ATG) and commercial 
inulins (RSE and RNE) that better stimulated the growth of bacteria. In general, in figure 4 it 
can be observed that the branched fructans (agavins) were able to produce more acids than 
the linear fructans (inulins). 

Santiago-García & López [38] studied the in vitro prebiotic effect of fructans from A. angustifolia 
of long-DP, short-DP and three combinations of them. The growth rate of bifidobateria and 
lactobacilli strains with A. angustifolia fructans was compared with commercial inulins (Raftiline 
and Raftilose). The authors observed that agave fructans stimulated the growth of bifidobacteria 
and lactobacilli more efficiently (2-fold) that commercial inulins, either long- or short-DP. They 
also reported that short-DP fructans in the mixtures highly influenced the rate of fermentation 
by probiotc bacteria. In this work, the main fermentation product in all treatments was C2:0 
acid. Moreover, Gomez et al. [39] compared the growth of bifidobacteria and lactobacilli on a 
complex faecal microbiota in vitro using fructans extracted from A. tequilana Weber var. azul 
and different commercial inulins. Their results indicated no significant differences among the 
growth of both bacteria genera with the different fructans used. With regard to the total SCFAs 
production by agave fructans and inulins was very similar. C2:0 acid was the most prevalent 
SCFA in all treatments, only agave fructans and inulin of long-DP produced significantly 
higher amounts of C3:0, however, there were no significant differences between the different 
fructans used.  

 
Figure 3. Effect of different fructans on the growth of a) B. adolescentis; b) B. infantis; c) L. paracasei and 
d) L. rhamnosus incubated anaerobically at 37°C in the presence of 10 g of fructan/L. OD, Optical 
density; CIS, Cichorium intybus; DVS, Dahlia variabilis; RNE, Raftiline; RSE, Raftilose; ATJ, A. tequilana 
Jalisco; ATG, A. tequilana Guanajuato; AAO, A. angustifolia Oaxaca; AAS, A. angustifolia Sonora; APO, A. 
potatorum Oaxaca; ACO, A. cantala Oaxaca; AFY, A. fourcroydes Yucatán; DSC, Dasylirion sp. Chihuahua. 
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1.2.3. Production of SCFAs in vivo 

a. Inulins 

Nilsson and Nyman [40] evaluated the formation of SCFAs in the hindgut of rats fed with 
lactulose, lactitol, FOS and inulins of different DP and solubility. The major acids formed 
were C2:0, C3:0 and C4:0. The highest levels of C3:0 acid were found in caecum and proximal 
and distal colon of rats fed with inulins, whereas the highest levels of C4:0 acid were found in 
caecum and proximal and distal colon of rats fed with FOS. The authors concluded that the 
DP and solubility of the used prebiotics were of great importance on SCFAs production. 

 
Figure 4. Concentration of short chain fatty acids generated by bifidobacteria and lactobacilli from the 
fermentation of Dasylirion sp. (DSC; ), Raftilose (RSE; ), A. tequilana GTO. (ATG; ) and Raftiline 
(RNE; ).  a) B. adolescentis; b) B. infantis; c) L. paracasei and d) L. rhamnosus. 

Similar results were obtained by Licht et al. [41] who fed rats with different dietary 
carbohydrates. These authors concluded that C3:0 acid concentrations reached statistical 
significance in animals fed with inulins, whereas the concentration of C4:0 acid was 
significantly higher in animals receiving FOS. Klessen et al. [42] also determined the 
production of SCFAs in the caecum and colon of germ-free rats associated with contents of 
human faecal, the rats were fed with inulins of different chain lengths (FOS, inulins and a 
mixture of FOS-inulins). They observed that FOS produced the greatest amount of C2:0 acid 
in the colon of the rats whereas inulins increased the concentration of C3:0 acid in the caecum 
of the animals that consumed this diet. Moreover, FOS, inulins and the mixture of FOS-
inulins increased the amount of C4:0 acid in the caecum and colon of the rats fed with the 
mixture regard to animals fed with standard diet. The authors concluded that the type of 
diet and the fermentation site in the colon affected the concentration of SCFAs (Table 2).  In 
another work, Levrat et al. [43] fed rats with different percentages of inulins (5, 10 and 20%), 
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acids varied depending on the prebiotic type used by the different bacteria. Figure 4 shows 
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carbohydrates. These authors concluded that C3:0 acid concentrations reached statistical 
significance in animals fed with inulins, whereas the concentration of C4:0 acid was 
significantly higher in animals receiving FOS. Klessen et al. [42] also determined the 
production of SCFAs in the caecum and colon of germ-free rats associated with contents of 
human faecal, the rats were fed with inulins of different chain lengths (FOS, inulins and a 
mixture of FOS-inulins). They observed that FOS produced the greatest amount of C2:0 acid 
in the colon of the rats whereas inulins increased the concentration of C3:0 acid in the caecum 
of the animals that consumed this diet. Moreover, FOS, inulins and the mixture of FOS-
inulins increased the amount of C4:0 acid in the caecum and colon of the rats fed with the 
mixture regard to animals fed with standard diet. The authors concluded that the type of 
diet and the fermentation site in the colon affected the concentration of SCFAs (Table 2).  In 
another work, Levrat et al. [43] fed rats with different percentages of inulins (5, 10 and 20%), 
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finding that C2:0 acid production was significantly lower in rats fed with 20% inulin diet. 
Moreover, all percentages of inulin increased the levels of C3:0 acid in the caecum of the rats; 
the highest concentration was found in animals that consumed the 10% inulin diet whereas 
C4:0 acid concentration was markedly enhanced in all supplemented diets in spite of the 
inulin percentage used. In another study, the same authors fed rats with 10% of inulin, they 
found a higher concentration of C3:0 acid in the portal vein as well as a significant decrease in 
plasma cholesterol levels of the rats fed with this diet with regard to animals that consumed 
the standard diet [44]. On the other hand, a study carried out using obese rats that received 
a diet supplement with inulin, a two-fold greater C3:0 concentration in the portal vein and a 
decrement on triglyceride accumulation in the liver of these animals was observed [45]. A 
similar result was seen in hamsters fed with different percentages of inulins (8, 12 and 16%). 
Plasma cholesterol and triglyceride concentrations were significantly lower with all the 
percentages of inulins studied with respect to hamsters fed with the standard diet [46].  
 

Acid Segment 
Diet 

Pooled SEM 
Standard FOS Inulin Mix (FOS-Inulin)2 

C2:01 

Caecum 49.8 55.4 45.9 51.2 1.3 

Colon 41.1 50.8* 42.5 46.7 1.2 

Faeces 37.4 35.1 35.6 27.6* 1.3 

C3:01 

Caecum 21.1 22.8 32.5* 19.1 0.8 

Colon 18.2 17.8 21.3 16.8 0.7 

Faeces 14.7 15.5 14.4 15.8 0.4 

C4:01 

Caecum 13.4 21.3* 25.4* 28.0* 1.3 

Colon 9.3 18.6* 18.1* 22.3* 1.2 

Faeces 7.1 11.4 13.6* 15.7* 0.9 

Mean values n=6; 1Concentrations [µmol/g wet wt]; 2Mix FOS-Inulin (1:1 w/w). Mean values were significantly 
different from those of the standard diet group: *P<0.05. [42, with modifications]. 

Table 2. Production of short chain fatty acids in the caecum, colon and faeces in rats associated with 
human faecal contents and fed with inulins of different chain lengths. 

b. Agave fructans 

To date, there are no published reports on the production of SCFAs in vivo using agave 
fructans of any species. However, the physiological effects of fructans extracted from A. 
tequilana Gto. (ATG) and Dasylirion sp. (DSC) have shown that agave fructans positively 
impact some lipid metabolic molecules such triglycerides and cholesterol on serum of mice 
fed with diets supplemented with these types of fructans (Figure 5) they also affect glucose 
levels [47]. These effects were attributed to the production of C3:0, which is largely produced 
through the fermentation of all fructans. 
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Figure 5. Concentration of glucose, triglycerides and cholesterol in mice after consumption of a 
standard diet (STD; ) or diet supplemented with fructans: chicory (RSE; ); A. tequilana Gto. (ATG; ) 
and Dasylirion sp. (DSC; ). Mean values n=8 with their standard errors of the mean for each parameter 
measured. Mean values with different letters were significantly different (P≤0.05). 

In another study with fructans of Dasylirion sp. (DSC) and commercial inulin Raftilose (RSE), 
García-Pérez [48] reported that the diets supplemented with fructans had a beneficial effect on 
the concentration of glucose and cholesterol in blood of the portal vein of mice. Glucose 
concentrations were significantly lowered by 22 and 27% in mice fed DAS and RSE diets with 
respect to mice fed a standard diet. Cholesterol concentrations were also reduced by 20% in 
animals receiving DSC and 14% in mice fed RSE diet. However, levels of triglycerides were not 
significantly modified by any treatment. In this same study, SCFAs were determined only in 
faeces (Figure 6). In general, mice fed diets supplemented with DSC present higher amount of 
C2:0, C3:0 and C4:0 acids in their faeces. Faecal concentrations of SCFAs are not of course the best 
way to measure the production rates since large proportion of SCFAs is taken up by the 
colonic mucosa. Nevertheless, faecal levels of SCFAs are a good marker or indicator of the 
differences on SCFAs taken place in the gut of mice that consumed fructans diets. 

 
Figure 6. Concentration of SCFAs in faeces of mice fed with a standard diet (STD; ) or diet 
supplemented with Raftilose (RSE; ) or Dasylirion spp. (DSC; ). Mean values n=8 with their standard 
errors of the mean. Mean values with different letters were significantly different (P≤0.05). 
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the highest concentration was found in animals that consumed the 10% inulin diet whereas 
C4:0 acid concentration was markedly enhanced in all supplemented diets in spite of the 
inulin percentage used. In another study, the same authors fed rats with 10% of inulin, they 
found a higher concentration of C3:0 acid in the portal vein as well as a significant decrease in 
plasma cholesterol levels of the rats fed with this diet with regard to animals that consumed 
the standard diet [44]. On the other hand, a study carried out using obese rats that received 
a diet supplement with inulin, a two-fold greater C3:0 concentration in the portal vein and a 
decrement on triglyceride accumulation in the liver of these animals was observed [45]. A 
similar result was seen in hamsters fed with different percentages of inulins (8, 12 and 16%). 
Plasma cholesterol and triglyceride concentrations were significantly lower with all the 
percentages of inulins studied with respect to hamsters fed with the standard diet [46].  
 

Acid Segment 
Diet 

Pooled SEM 
Standard FOS Inulin Mix (FOS-Inulin)2 

C2:01 

Caecum 49.8 55.4 45.9 51.2 1.3 

Colon 41.1 50.8* 42.5 46.7 1.2 

Faeces 37.4 35.1 35.6 27.6* 1.3 

C3:01 

Caecum 21.1 22.8 32.5* 19.1 0.8 

Colon 18.2 17.8 21.3 16.8 0.7 

Faeces 14.7 15.5 14.4 15.8 0.4 

C4:01 

Caecum 13.4 21.3* 25.4* 28.0* 1.3 

Colon 9.3 18.6* 18.1* 22.3* 1.2 

Faeces 7.1 11.4 13.6* 15.7* 0.9 

Mean values n=6; 1Concentrations [µmol/g wet wt]; 2Mix FOS-Inulin (1:1 w/w). Mean values were significantly 
different from those of the standard diet group: *P<0.05. [42, with modifications]. 

Table 2. Production of short chain fatty acids in the caecum, colon and faeces in rats associated with 
human faecal contents and fed with inulins of different chain lengths. 

b. Agave fructans 

To date, there are no published reports on the production of SCFAs in vivo using agave 
fructans of any species. However, the physiological effects of fructans extracted from A. 
tequilana Gto. (ATG) and Dasylirion sp. (DSC) have shown that agave fructans positively 
impact some lipid metabolic molecules such triglycerides and cholesterol on serum of mice 
fed with diets supplemented with these types of fructans (Figure 5) they also affect glucose 
levels [47]. These effects were attributed to the production of C3:0, which is largely produced 
through the fermentation of all fructans. 

Metabolism of Short Chain Fatty Acids in the Colon and  
Faeces of Mice After a Supplementation of Diets with Agave Fructans 

 

171 

 
Figure 5. Concentration of glucose, triglycerides and cholesterol in mice after consumption of a 
standard diet (STD; ) or diet supplemented with fructans: chicory (RSE; ); A. tequilana Gto. (ATG; ) 
and Dasylirion sp. (DSC; ). Mean values n=8 with their standard errors of the mean for each parameter 
measured. Mean values with different letters were significantly different (P≤0.05). 

In another study with fructans of Dasylirion sp. (DSC) and commercial inulin Raftilose (RSE), 
García-Pérez [48] reported that the diets supplemented with fructans had a beneficial effect on 
the concentration of glucose and cholesterol in blood of the portal vein of mice. Glucose 
concentrations were significantly lowered by 22 and 27% in mice fed DAS and RSE diets with 
respect to mice fed a standard diet. Cholesterol concentrations were also reduced by 20% in 
animals receiving DSC and 14% in mice fed RSE diet. However, levels of triglycerides were not 
significantly modified by any treatment. In this same study, SCFAs were determined only in 
faeces (Figure 6). In general, mice fed diets supplemented with DSC present higher amount of 
C2:0, C3:0 and C4:0 acids in their faeces. Faecal concentrations of SCFAs are not of course the best 
way to measure the production rates since large proportion of SCFAs is taken up by the 
colonic mucosa. Nevertheless, faecal levels of SCFAs are a good marker or indicator of the 
differences on SCFAs taken place in the gut of mice that consumed fructans diets. 

 
Figure 6. Concentration of SCFAs in faeces of mice fed with a standard diet (STD; ) or diet 
supplemented with Raftilose (RSE; ) or Dasylirion spp. (DSC; ). Mean values n=8 with their standard 
errors of the mean. Mean values with different letters were significantly different (P≤0.05). 



 
Lipid Metabolism 

 

172 

With all the above, we decided to run an in vivo experiment feeding mice with Agave 
angustifolia fructans and evaluating the formation of SCFAs in caecum, colonic sections and 
faeces, as well as the pH drop in all these areas of the gut. 

2. Materials and methods 

2.1. Animals and diets 

Twenty-four male C57BL/6J mice of 12 weeks old at the beginning of the experiment were 
obtained from the animal facilities of CINVESTAV-Zacatenco (Mexico). The mice were 
housed in a temperature and humidity controlled room with a 12 h light-dark cycle. They 
were divided into three groups (eight mice per group) according to diet. Mice were 
acclimated for 7 days, having free access to a pelleted 5053 standard diet (Laboratory Rodent 
Diet, USA) and water. During the experimental period (6 weeks), STD mice group were fed 
with 5053 standard diet, whereas inulins-RNE and agavins-AAO mice groups received a 
diet prepared by mixing 90 g of 5053 standard diet with 10 g of Raftiline or fructans from A. 
angustifolia (AAO). All diets were made by Laboratory Rodent Diet and were available ad 
libitum to mice. 

2.2. Chemicals 

Agavins were extracted in our laboratory as described by López et al. [10]. Briefly, one 
hundred grams of milled Agave angustifolia stems were extracted twice with 100 ml of 80% 
v/v ethanol with continuous shaking for 1 h at 55 °C. The sample was filtered and the plant 
material re-extracted with 100 ml of water for 30 min at 55 °C. The supernatants were mixed; 
chloroform was used to eliminate the organic fraction. The aqueous phase was concentrated 
by rotary evaporation under reduced pressure. The sample was dried using a spray dryer 
and stored in a humidity-free container. RNE were from Beneo Orafti. The average degree 
polymerization for agavins is 32[11] and for RNE >23. 

2.3. Faeces and blood samples 

Faeces collection was performed once a week during the experimental period to evaluate the 
SCFAs. On day 45, mice were anaesthetized by intra-peritoneal injection of sodium 
pentobarbital solution. Portal vein blood samples were collected in EDTA tubes; after 
centrifugation for 10 minutes at 2500 r.p.m., plasma was stored at -80 °C. The concentration 
of serum triglycerides, cholesterol and glucose was measured using kits coupling enzymatic 
reaction and spectrophotometric detection of reaction end-products (BioVision). 

2.4. pH and SCFAs  

Segments of the caecum and proximal, medial and distal colon were immediately excised. 
Caecal and colonic contents of each section were collected in tubes and frozen at -80 °C. The 
pH measurements were made using a microelectrode (PHR-146, Lazar Research 
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Laboratories, Inc.). Analysis of SCFAs was carried out by gas chromatography and flame 
ionization detection as described by Pietro Femia et al. [49] with some modifications. Briefly, 
0.05 g of caecal and faecal contents were acidified with 0.05 ml of sulfuric acid and SCFAs 
were extracted by shaking with 0.6 ml of diethyl ether and subsequent centrifugation at 
14000 r.p.m. for 30 s. One microliter of the organic phase was injected immediately into the 
capillary column (Nukol) of the gas chromatograph coupled to a flame ionization detector. 
The initial temperature was 80 °C and the final temperature was 200 °C. Nitrogen was used 
as carrier gas and the quantification of the samples was carried out using calibration curves 
for C2:0, C3:0 and C4:0 acids. A standard curve for each acid was done for their quantitation in 
the samples. 

2.5. Statistical analysis 

Results are expressed as mean values with their standard errors of the mean. Statistical 
differences between groups were evaluated using one-way ANOVA followed by a Tukey 
test using GraphPad Prism version 5 for Windows. P<0.05 was regarded as statistically 
significant. 

3. Results 

3.1. Feed intake and body weight 

The intake of all mice independently of the diet fed ranged between 3.3 and 4.2 g/d with an 
average of 3.7 g/d, it is worth to mention that the intake fluctuated weekly throughout the 
study. The feed intake was 9% lower for the AAO group compared to the STD and RNE 
diets. Mice fed with the diet supplemented with RNE ate 10% more food than even the STD 
group.  Initial body weights ranged from 21.4 to 24.4 g with final body weights ranging 
between 24.3 and 25.9 g. No significant differences among all groups were noted in body 
weight even though mice fed AAO reduced their intake. 

3.2. Production of SCFAs and pH drop 

The total production of SCFAs was greater for the group of mice fed with AAO in the 
caecum and proximal and medial colon. However in the distal colon, the production of 
SCFAs were not significantly different among supplemented diets but it did with the STD 
diet (Table 3).  

C2:0 was the most abundant acid formed in the caecum and colon of all mice followed by C3:0 
and C4:0 acid. The concentrations of C2:0 acid were significantly higher in the caecum and the 
first two sections of the colon (proximal and medial) in mice fed with AAO diet compared to 
RNE or STD groups. However, in the distal colon there were no significant differences on 
the production of C2:0 acid between groups of mice fed fructans (Figure 7a). The higher 
concentration of C3:0 acid was found in the caecum of mice fed with AAO diet. This 
increment was significant with regard to RNE but not for the STD diet. In the proximal and 
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angustifolia fructans and evaluating the formation of SCFAs in caecum, colonic sections and 
faeces, as well as the pH drop in all these areas of the gut. 

2. Materials and methods 

2.1. Animals and diets 

Twenty-four male C57BL/6J mice of 12 weeks old at the beginning of the experiment were 
obtained from the animal facilities of CINVESTAV-Zacatenco (Mexico). The mice were 
housed in a temperature and humidity controlled room with a 12 h light-dark cycle. They 
were divided into three groups (eight mice per group) according to diet. Mice were 
acclimated for 7 days, having free access to a pelleted 5053 standard diet (Laboratory Rodent 
Diet, USA) and water. During the experimental period (6 weeks), STD mice group were fed 
with 5053 standard diet, whereas inulins-RNE and agavins-AAO mice groups received a 
diet prepared by mixing 90 g of 5053 standard diet with 10 g of Raftiline or fructans from A. 
angustifolia (AAO). All diets were made by Laboratory Rodent Diet and were available ad 
libitum to mice. 

2.2. Chemicals 

Agavins were extracted in our laboratory as described by López et al. [10]. Briefly, one 
hundred grams of milled Agave angustifolia stems were extracted twice with 100 ml of 80% 
v/v ethanol with continuous shaking for 1 h at 55 °C. The sample was filtered and the plant 
material re-extracted with 100 ml of water for 30 min at 55 °C. The supernatants were mixed; 
chloroform was used to eliminate the organic fraction. The aqueous phase was concentrated 
by rotary evaporation under reduced pressure. The sample was dried using a spray dryer 
and stored in a humidity-free container. RNE were from Beneo Orafti. The average degree 
polymerization for agavins is 32[11] and for RNE >23. 

2.3. Faeces and blood samples 

Faeces collection was performed once a week during the experimental period to evaluate the 
SCFAs. On day 45, mice were anaesthetized by intra-peritoneal injection of sodium 
pentobarbital solution. Portal vein blood samples were collected in EDTA tubes; after 
centrifugation for 10 minutes at 2500 r.p.m., plasma was stored at -80 °C. The concentration 
of serum triglycerides, cholesterol and glucose was measured using kits coupling enzymatic 
reaction and spectrophotometric detection of reaction end-products (BioVision). 

2.4. pH and SCFAs  

Segments of the caecum and proximal, medial and distal colon were immediately excised. 
Caecal and colonic contents of each section were collected in tubes and frozen at -80 °C. The 
pH measurements were made using a microelectrode (PHR-146, Lazar Research 
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Laboratories, Inc.). Analysis of SCFAs was carried out by gas chromatography and flame 
ionization detection as described by Pietro Femia et al. [49] with some modifications. Briefly, 
0.05 g of caecal and faecal contents were acidified with 0.05 ml of sulfuric acid and SCFAs 
were extracted by shaking with 0.6 ml of diethyl ether and subsequent centrifugation at 
14000 r.p.m. for 30 s. One microliter of the organic phase was injected immediately into the 
capillary column (Nukol) of the gas chromatograph coupled to a flame ionization detector. 
The initial temperature was 80 °C and the final temperature was 200 °C. Nitrogen was used 
as carrier gas and the quantification of the samples was carried out using calibration curves 
for C2:0, C3:0 and C4:0 acids. A standard curve for each acid was done for their quantitation in 
the samples. 

2.5. Statistical analysis 

Results are expressed as mean values with their standard errors of the mean. Statistical 
differences between groups were evaluated using one-way ANOVA followed by a Tukey 
test using GraphPad Prism version 5 for Windows. P<0.05 was regarded as statistically 
significant. 

3. Results 

3.1. Feed intake and body weight 

The intake of all mice independently of the diet fed ranged between 3.3 and 4.2 g/d with an 
average of 3.7 g/d, it is worth to mention that the intake fluctuated weekly throughout the 
study. The feed intake was 9% lower for the AAO group compared to the STD and RNE 
diets. Mice fed with the diet supplemented with RNE ate 10% more food than even the STD 
group.  Initial body weights ranged from 21.4 to 24.4 g with final body weights ranging 
between 24.3 and 25.9 g. No significant differences among all groups were noted in body 
weight even though mice fed AAO reduced their intake. 

3.2. Production of SCFAs and pH drop 

The total production of SCFAs was greater for the group of mice fed with AAO in the 
caecum and proximal and medial colon. However in the distal colon, the production of 
SCFAs were not significantly different among supplemented diets but it did with the STD 
diet (Table 3).  

C2:0 was the most abundant acid formed in the caecum and colon of all mice followed by C3:0 
and C4:0 acid. The concentrations of C2:0 acid were significantly higher in the caecum and the 
first two sections of the colon (proximal and medial) in mice fed with AAO diet compared to 
RNE or STD groups. However, in the distal colon there were no significant differences on 
the production of C2:0 acid between groups of mice fed fructans (Figure 7a). The higher 
concentration of C3:0 acid was found in the caecum of mice fed with AAO diet. This 
increment was significant with regard to RNE but not for the STD diet. In the proximal and 
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medial colon C3:0 acid production was greater for mice fed AAO, but these enhancements 
were not significant. Interestingly, in the distal colon of mice fed fructans (AAO and RNE) 
the enhancement was significantly for the production of C3:0 acid (Figure 7b). The 
concentration of C4:0 acid increased approximately 24% in the caecum of mice fed with RNE 
diet. This enhanced was significant with regard to AAO but not for the STD diet. Finally, an 
increment of C4:0 acid was observed in the medial and distal colon, this change was 
significant in mice fed with AAO and RNE diets compared to mice fed with the STD diet 
(Figure 7c).  

SCFAs changes were confirmed when the pH was measured in all the same samples. The 
mice fed AAO diet showed a pronounced pH drop in the caecum and all sections of the 
colon. The group of mice fed RNE showed significant pH drop only in the medial and distal 
colon and the pH of the mice fed a STD diet did not change significantly in any sections of 
the gut (Figure 8). The pH drop changes positively correlated with the total production of 
SCFAs (Table 3). 

 
 
 
 
 

Section 
STD* RNE* AAO* 

Mean SEM Mean SEM Mean SEM 

Caecum 73.93a 1.98 70.90a 2.08 83.48b 1.54 

Proximal colon 71.98a 2.11 76.93a 2.62 106.92b 4.61 

Medial colon 51.44a 1.25 64.26b 2.59 107.25b 2.41 

Distal colon 28.58a 0.86 49.65b 2.91 66.84b 2.97 

*[mmol/Kg of fresh weight]. Mean values n=8 with their standard errors of the mean. a,b Mean values with unlike 
superscript letters were significantly different (P≤0.05). 

 
 
 
 
 
Table 3. Concentration of total short chain fatty acids production in the caecum and the three sections 
of the colon in mice fed a standard (STD) diet or diet supplemented with Raftiline (RNE-inulin) or 
Agave angustifolia Oax. (AAO-agavins).  
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Figure 7. Concentrations of SCFAs in the caecum and the three sections of the colon of mice fed with a 
standard diet (STD; ) and supplemented diets containing Raftiline (RNE; ) and A. angustifolia Oax. 
(AAO; ). A) Acetic acid (C2:0); B) Propionic acid (C3:0); and C) Butyric acid (C4:0). Mean values n=8 with 
their standard errors of the mean for each parameter measured. Mean values with different letters were 
significantly different (P≤0.05). 
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the gut (Figure 8). The pH drop changes positively correlated with the total production of 
SCFAs (Table 3). 
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Figure 8. pH values in the caecum and the three sections of the colon of mice fed a standard diet (STD;

) or diet supplemented with Raftiline (RNE; ) or A. angustifolia Oax. (AAO; ). Mean values n=8 
with their standard errors of the mean. Mean values with different letters were significantly different 
(P≤0.05). 

3.3. SCFAs in the faeces 

The analyses of SCFAs in the collected faeces showed that C2:0 acid was again the most 
abundant acid in the faeces of all mice followed by C3:0 and C4:0 acids. However, the amounts 
of C2:0 and C3:0 acids excreted in the faeces were not affected significantly by any dietary 
treatment. Surprisingly, only the mice fed with agavins (AAO) or inulin (RNE) diets, 
showed a significant increment on the amount of C4:0 acid compared with the STD diet 
(Figure 9). 

 
Figure 9. Concentration of acetic (C2:0), propionic (C3:0) and butyric (C4:0) acids excreted in the faeces of 
mice fed a standard diet (STD; ) or diet supplemented with Raftiline (RNE; ) or A. angustifolia Oax. 
(AAO; ). Mean values n=8 with their standard errors of the mean. Mean values with different letters 
were significantly different (P≤0.05). 
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3.4. Plasma glucose, triglyceride and cholesterol 

Besides SCFAs some other physiological parameters were determined in the plasma of all 
mice groups, among them glucose, triglycerides and cholesterol. Glucose concentrations of 
mice fed AAO and RNE diets were significantly lowered by 12% and 17% respectively when 
compared to the STD diet. On the other hand, triglycerides concentrations of the 
supplemented groups compared with the STD were reduced by 37% and 38 % in mice fed 
AAO and RNE diets, respectively. A reduction of cholesterol concentrations by 36 % and 38 
% in animals receiving AAO and RNE diets was also observed vs STD diet (Table 4).  
 

Diet 
Glucose (mM) Triglyceride (mM) Cholesterol (mM) 

Mean SEM Mean SEM Mean SEM 
STD 6.690a 0.25 3.070a 0.09 3.087a 0.10 
RNE 5.932b 0.27 2.233b 0.27 1.876b 0.14 
AAO 5.857b 0.31 2.378b 0.18 1.756b 0.09 

(Mean values n=8 with their standard errors of the mean for each parameter measured) a,b Mean values with unlike 
superscript letters were significantly different (P≤0.05). 

Table 4. Glucose, triglycerides and cholesterol levels in plasma of mice fed with a standard (STD) diet 
or diet supplemented with Raftiline (RNE) and A. angustifolia Oax. (AAO).  

4. Discussion 

The determination of the production of C2:0, C3:0 and C4:0 acids in the caecum, proximal, 
medial and distal colon of mice fed with different diets, was performed with the aids to 
evaluate the profiles of these acids throughout the caecum, large intestine and faeces of 
mice, and also to be able to establish the main sites of fermentation of inulins such Raftiline 
(RNE) and fructans extracted from A. Angustifolia (AAO) supplemented in the diets. These 
objectives basically arise from the knowledge on the structural differences between the two 
fructans types. Raftiline is an inulin type fructan with an average DP of 25 and it is know 
that its structure is completely linear, therefore containing a terminal glucose molecule. On 
the other hand, A. angustifolia fructans have an average DP of 32, with molecular structures 
very complex, they are highly branched and present a terminal glucose molecule 
(graminans) or internal glucose (agavins) [11]. Many reports have established that the 
structure of undigested carbohydrates and the microbiota present in an ecosystem are 
determining factors that control fermentation in the gut [50]. It is also know that the profiles 
of the production and distribution of SCFAs in the gut are influenced not only by the type of 
consumed carbohydrates, but also by the place where fermentation of those carbohydrates 
takes place, essentially in the caecum in mice and in the upper colon in humans, but the type 
of substrate may also affect the site of fermentation [51]. Previous reports mentioned that 
high DP fructans are fermented more slowly in the caecum and proximal colon, thus 
reaching the distal colon almost unchanged [6, 34], but bacteria present in this section 
produce mainly C4:0 acid as the end product of such fermentation [51]. In the present work, 
inulins were fermented poorly in the caecum and proximal colon but an increment was 
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3.4. Plasma glucose, triglyceride and cholesterol 

Besides SCFAs some other physiological parameters were determined in the plasma of all 
mice groups, among them glucose, triglycerides and cholesterol. Glucose concentrations of 
mice fed AAO and RNE diets were significantly lowered by 12% and 17% respectively when 
compared to the STD diet. On the other hand, triglycerides concentrations of the 
supplemented groups compared with the STD were reduced by 37% and 38 % in mice fed 
AAO and RNE diets, respectively. A reduction of cholesterol concentrations by 36 % and 38 
% in animals receiving AAO and RNE diets was also observed vs STD diet (Table 4).  
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or diet supplemented with Raftiline (RNE) and A. angustifolia Oax. (AAO).  

4. Discussion 

The determination of the production of C2:0, C3:0 and C4:0 acids in the caecum, proximal, 
medial and distal colon of mice fed with different diets, was performed with the aids to 
evaluate the profiles of these acids throughout the caecum, large intestine and faeces of 
mice, and also to be able to establish the main sites of fermentation of inulins such Raftiline 
(RNE) and fructans extracted from A. Angustifolia (AAO) supplemented in the diets. These 
objectives basically arise from the knowledge on the structural differences between the two 
fructans types. Raftiline is an inulin type fructan with an average DP of 25 and it is know 
that its structure is completely linear, therefore containing a terminal glucose molecule. On 
the other hand, A. angustifolia fructans have an average DP of 32, with molecular structures 
very complex, they are highly branched and present a terminal glucose molecule 
(graminans) or internal glucose (agavins) [11]. Many reports have established that the 
structure of undigested carbohydrates and the microbiota present in an ecosystem are 
determining factors that control fermentation in the gut [50]. It is also know that the profiles 
of the production and distribution of SCFAs in the gut are influenced not only by the type of 
consumed carbohydrates, but also by the place where fermentation of those carbohydrates 
takes place, essentially in the caecum in mice and in the upper colon in humans, but the type 
of substrate may also affect the site of fermentation [51]. Previous reports mentioned that 
high DP fructans are fermented more slowly in the caecum and proximal colon, thus 
reaching the distal colon almost unchanged [6, 34], but bacteria present in this section 
produce mainly C4:0 acid as the end product of such fermentation [51]. In the present work, 
inulins were fermented poorly in the caecum and proximal colon but an increment was 
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observed on the concentration of C4:0 acid in the distal colon, which agrees well with 
previous reports. However, mice fed with agave fructans (AAO) produced greater amounts 
of SCFAs in the caecum and proximal and medial colon than those mice fed with inulins 
(RNE), suggesting that AAO fructans were easily fermentable, independently of the their 
high DP, therefore, the difference might be due to the presence of branches in the agave 
fructans, which could make the molecule more accessible to enzymes (fructosyltransferases), 
in other words, there are more terminal fructose available for the fructosyltransferases of 
bacteria. According to the production of SCFAs, proximal and medial colon, were the main 
sites where fermentation of A. angustifolia fructans was carried out. In general, an increment 
was observed in the production of C3:0 and C4:0 acids in the distal colon of mice that received 
diets supplemented with fructans. On the other hand, total SCFAs and individual SCFAs 
concentrations in the different sections of the colon are very important since they have been 
associated with many diseases of the colon, especially with colon cancer and gastrointestinal 
disorders. Therefore, increased SCFAs production and a greater delivery of them distally, 
especially C4:0 acid, may have an important role in preventing some of these diseases and 
other metabolic problems. Moreover, C3:0 acid has been reported to have a positive 
metabolic effect, through the inhibition of hepatic cholesterol synthesis from C2:0 acid [32]. 
Interestingly, a significant decrease in plasma triglycerides and cholesterol levels of animals 
fed with fructans was observed in this work. Finally, the mice that consumed agave fructans 
showed the more pronounced drop on pH in the caecum and the three sections of the colon, 
which creates a more acid environment which is highly beneficial for the grow of bacteria 
such as bifidobacteria and/or lactobacilli but is detrimental for the growth of potentially 
pathogenic species [17,18].  

As a general conclusion, we can mention that the supplementation of diets with inulins or 
agavins altered the large intestine environment by increasing the amounts of SCFAs and 
lowering the pH in the colon, consequently reducing few health risks. Finally, we would like 
to close this work saying that these SCFAs had a positive effect on the host lipid metabolism, 
since they decreased the levels of triglycerides, cholesterol and glucose in blood of mice fed 
with supplemented diets.  

Based on all the previous data, agave fructans may offer a good prebiotic potential, 
opening new and excited alternatives as food supplements. Even do, further research is 
definitely needed on specific health problems and should be performed using 
supplemented diets with agavins of different structures as well as different mixtures and 
concentrations, because more knowledge is needed on health issues such obesity, 
diabetes, colon cancer and in general, gut associated risks that might be improved with 
this type of ingredients. 

Author details 

Alicia Huazano-García and Mercedes G. López 
Departamento de Biotecnología y Bioquímica,  
Centro de Investigación y de Estudios Avanzados del IPN, México 

Metabolism of Short Chain Fatty Acids in the Colon and  
Faeces of Mice After a Supplementation of Diets with Agave Fructans 

 

179 

Acknowledgement 

Alicia Huazano-García thanks the Consejo Nacional de Ciencia y Tecnología (CONACYT) 
for her scholarship and also thanks M.S. Patricia Santiago for the agave fructans sample. 

5. References 

[1] Cairns A., Pollock C., Gallagher J., Harrison J. Fructans: Synthesis and Regulation. 
Leegood R., Sharkey T., Caemmerer S. von (eds) Photosynthesis: Physiology and 
Metabolism. Kluwer Academic Publishers; 2000. p 301-320. 

[2] Niness K. Inulin and Oligofructose: What are They? The Journal of Nutrition 1999; 
129(7) 1402S-1406.  

[3] Van Loo J., Coussement P., De Leenheer L., Hoebregs H., Smits G. On the Presence of 
Inulin and Oligofructose as Natural Ingredients in the Western Diet. Critical Reviews in 
Food Science and Nutrition 1995; 35(6) 525-552. 

[4] Ritsema T., Smeekens S. Engineering Fructan Metabolism in Plants. Journal of Plant 
Physiology 2003; 160(7) 811-820. 

[5] Roberfroid M. Prebiotics: The Concept Revisited. The Journal of Nutrition 2007; 137(3) 
830S-837. 

[6] Roberfroid M., Van Loo J., Gibson G. The Bifidogenic Nature of Chicory Inulin and its 
Hydrolysis Products. The Journal of Nutrition 1998; 128(1) 11-19. 

[7] Good-Avila S., Souza V., Gaut B., Eguiarte L. Timing and Rate of Speciation in Agave 
(Agavaceae). Proceedings of the National Academy of Sciences of the United States of 
America 2006;103(24) 9124-9129. 

[8] Eguiarte L., Souza V., Silva-Montellano A. Evolución de la Familia Agavaceae: Filogenia, 
Biología Reproductiva y Genética de Poblaciones. Bolletin de la Sociedad Botánica de 
México 2000; 66 131-150. 

[9] Gentry H. Agaves of continental North America. The University of Arizona Press; 1998. 
[10] López M., Mancilla-Margalli N., Mendoza-Díaz G. Molecular Structures of Fructans 

from Agave tequilana Weber var. azul. Journal of Agricultural and Food Chemistry 2003; 
51(27) 7835-7840. 

[11] Mancilla-Margalli N., López G. Water-soluble Carbohydrates and Fructan Structure 
Patterns from Agave and Dasylirion Species. Journal of Agricultural and Food 
Chemistry 2006; 54(20) 7832-7839. 

[12] Roberfroid M. Introducing Inulin Type Fructans. British Journal of Nutrition 2005;93(1) 
13S-25. 

[13] Roberfroid M. Prebiotics and Probiotics: Are they Functional Foods? The American 
Journal of Clinical Nutrition 2000; 71(1) 1682S-1687. 

[14] Kolida S., Gibson G. Prebiotic Capacity of Inulin-type Fructans. The Journal of Nutrition 
2007; 137(11) 2503S-2506. 

[15] López M., Urías-Silvas J. Agave Fructans as Prebiotics. Norio S., Noureddine B., Shuichi 
O. (eds) Recent Advances in Fructooligosaccharides Research. Research Signpost; 2007. 
p 1-14. 



 
Lipid Metabolism 

 

178 
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1. Introduction 

Metabolism is the process of making energy and cellular molecules from breaking down the 
food that made up of proteins, carbohydrates and fats etc. A metabolic disorder occurs 
when abnormal chemical reactions disrupt this process. When this happens, our body might 
have too much of some substances or too little of other ones that we need to stay healthy. 
Metabolic syndrome, a combination of several metabolic risk factors including abdominal 
obesity, insulin resistance, hypertension, and atherogenic dyslipidemia, is one of the most 
common health problems in the modern society. Increasingly accumulated evidence from 
epidemiologic and basic research data, as well as translational, clinical, and intervention 
studies suggested that metabolic syndrome may be an important etiologic factor for the 
onset of cancer. In fact cancer has long been indicated as a metabolic disease due to aberrant 
energy metabolism caused by mitochondrial damage.  

In living cells, processes of carbohydrate metabolism, lipid metabolism and energy 
metabolism are closely related. Metabolic syndrome (MS), such as diabetes, obesity, 
hyperlipidimia, and hypertension, is, more or less, associated with abnormal lipid 
metabolism. As a metabolic disease, cancer is caused by impaired energy metabolism due to 
impaired mitochondrial function, which is linked with abnormal mitochondrial membrane 
lipids, especially cardiolipin content [1]. Recent studies have indicated that abnormalities in 
cellular lipid metabolism are involved in both pathogenesis of metabolic syndrome and 
various cancers [2, 3]. 

As the major component of membranes and energy resources, cellular lipids, including 
phospholipids and neutral lipids (mainly triacylglycerols and sterol esters), play a crucial 
role for both cellular and physiological energy homeostasis. As cellular membrane structure 
components, phospholipids are important for cellular membrane remodeling and cellular 
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proliferation. Disruption of phospholipid homeostasis may lead to carcinogenesis and MS 
[4, 5]. Triacylglycerol, as an important energy storage form, is closely related to glucose 
homeostasis and its disregulation is associated with onset of MS such as diabetes, obesity, 
and cardiovascular diseases [6].  

In this chapter, we focused on the metabolism of phospholipid and triacylglycerol 
(including fatty acids) and discussed the association of lipid metabolism disorders with 
pathogenesis of MS and cancer as shown in Figure1. We also discussed the emerging role of 
omega-3 polyunsaturated fatty acids in preventing lipid disorder associated MS and cancer.  

 
Figure 1. Inter-relationship between lipid metabolism, metabolic syndrome and cancer  

2. Dietary lipids and metabolic diseases 

2.1. Dietary lipids and metabolic syndrome  

MS, also known as syndrome X, or the insulin resistance syndrome, is a combination of 
medical disorders comprising an array of metabolic risk factors including central obesity, 
dyslipidemia, hypertension, glucose intolerance, and insulin resistance[7]. The worldwide 
prevalence of MS causes lots of health problems not only in the developed countries, but 
also in the developing countries as well. Individuals with MS are at high risk for diabetes 
and cardiovascular disease. Increasingly accumulated evidence shows that aberrations in 
lipid metabolism are the central to the etiology of MS. 
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As one of the most abundant lipid species and major components of very-low-density 
lipoprotein (VLDL) and chylomicrons, triacylglycerols (TAG) play an important role in 
metabolism as energy sources. It can be acquired from de novo synthesis in liver or dietary 
lipids. Depending on the oil source, TAGs are either the main constituents of vegetable oils 
(typically more unsaturated) or animal fats (typically more saturated). Animal fat comprises 
about 40% of the energy intake in the human diet in Western countries, and a high 
proportion of this is TAG. Fat tissue, liver and intestine are the major places where TAG is 
synthesized and stored. There is also some intracellular storage of TAG e.g. in the muscle 
and brain cells. The storage of TAG can be replenished from dietary fat, or by endogenous 
synthesis of fat from carbohydrates or proteins, which mainly takes place in the liver. 

The overabundance of nutrients such as lipids in obesity and caloric surplus leads to 
aberrant lipid management and ectopic fat accumulation (i.e., ‘‘lipotoxicity’’), which is a 
fundamental component of metabolic disease and insulin resistance [8, 9]. 

2.1.1. Fatty acids and insulin resistance 

Insulin resistance is the center underlying the different metabolic abnormalities in the 
metabolic syndrome, in which pathophysiological conditions insulin becomes less effective 
in lowering blood glucose. Insulin resistance can be induced by various environmental 
factors, including dietary habits. Muscle, liver and fat are the three major tissues for 
maintaining blood glucose levels. In the presence of insulin, fat and muscle cells absorb 
glucose, and the liver regulates glucose levels by reducing its secretion and increasing its 
storage in the form of glycogen. However, in the condition of insulin resistance, glucose 
uptake by muscle and fat cells is disrupted, and glycogen synthesis and storage are also 
reduced in liver cells, resulting in failure of suppressing glucose production and releasing 
into the blood. Impaired glucose metabolism is associated with molecular alterations of 
insulin signaling, which is particularly well characterized in muscle [10]. 

Insulin also facilitates the uptake and storage of amino acids and fatty acids by converting 
them to protein and lipid, respectively. Besides the diminished glucose- lowering effects, 
insulin resistance also causes reduced actions of insulin on lipids and results in decreased 
uptake of circulating lipids and increased hydrolysis of stored triglycerides and, as a 
consequence, elevates free fatty acids in the blood plasma. Elevated levels of free fatty acids 
and triglycerides in the blood and tissues have been reported to contribute to impaired 
insulin sensitivity in many studies [11, 12]. Increased contents of fatty acids and their 
metabolites cause phosphorylation of insulin receptor substrate 1 (IRS-1) at serine, which 
blocks IRS-1 tyrosine phosphorylation and the associated activation of phosphatidylinositol- 
3' kinase (PI3K) activity, and results in a decreased translocation of the glucose transporter 
GLUT4 to membrane of muscle and liver cells [13, 14].  

The conversion of fatty acids to acetyl-CoA, the process known as β-oxidation, mainly 
occurs in the mitochondria. Defects in mitochondrial fatty acid oxidation and in adipocyte 
fat metabolism may increase fatty acid content in muscle and liver, which, in turn, cause 
impaired transport of glucose and defective glycogen synthesis in muscle, and sustained 
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[4, 5]. Triacylglycerol, as an important energy storage form, is closely related to glucose 
homeostasis and its disregulation is associated with onset of MS such as diabetes, obesity, 
and cardiovascular diseases [6].  

In this chapter, we focused on the metabolism of phospholipid and triacylglycerol 
(including fatty acids) and discussed the association of lipid metabolism disorders with 
pathogenesis of MS and cancer as shown in Figure1. We also discussed the emerging role of 
omega-3 polyunsaturated fatty acids in preventing lipid disorder associated MS and cancer.  

 
Figure 1. Inter-relationship between lipid metabolism, metabolic syndrome and cancer  
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As one of the most abundant lipid species and major components of very-low-density 
lipoprotein (VLDL) and chylomicrons, triacylglycerols (TAG) play an important role in 
metabolism as energy sources. It can be acquired from de novo synthesis in liver or dietary 
lipids. Depending on the oil source, TAGs are either the main constituents of vegetable oils 
(typically more unsaturated) or animal fats (typically more saturated). Animal fat comprises 
about 40% of the energy intake in the human diet in Western countries, and a high 
proportion of this is TAG. Fat tissue, liver and intestine are the major places where TAG is 
synthesized and stored. There is also some intracellular storage of TAG e.g. in the muscle 
and brain cells. The storage of TAG can be replenished from dietary fat, or by endogenous 
synthesis of fat from carbohydrates or proteins, which mainly takes place in the liver. 

The overabundance of nutrients such as lipids in obesity and caloric surplus leads to 
aberrant lipid management and ectopic fat accumulation (i.e., ‘‘lipotoxicity’’), which is a 
fundamental component of metabolic disease and insulin resistance [8, 9]. 

2.1.1. Fatty acids and insulin resistance 

Insulin resistance is the center underlying the different metabolic abnormalities in the 
metabolic syndrome, in which pathophysiological conditions insulin becomes less effective 
in lowering blood glucose. Insulin resistance can be induced by various environmental 
factors, including dietary habits. Muscle, liver and fat are the three major tissues for 
maintaining blood glucose levels. In the presence of insulin, fat and muscle cells absorb 
glucose, and the liver regulates glucose levels by reducing its secretion and increasing its 
storage in the form of glycogen. However, in the condition of insulin resistance, glucose 
uptake by muscle and fat cells is disrupted, and glycogen synthesis and storage are also 
reduced in liver cells, resulting in failure of suppressing glucose production and releasing 
into the blood. Impaired glucose metabolism is associated with molecular alterations of 
insulin signaling, which is particularly well characterized in muscle [10]. 

Insulin also facilitates the uptake and storage of amino acids and fatty acids by converting 
them to protein and lipid, respectively. Besides the diminished glucose- lowering effects, 
insulin resistance also causes reduced actions of insulin on lipids and results in decreased 
uptake of circulating lipids and increased hydrolysis of stored triglycerides and, as a 
consequence, elevates free fatty acids in the blood plasma. Elevated levels of free fatty acids 
and triglycerides in the blood and tissues have been reported to contribute to impaired 
insulin sensitivity in many studies [11, 12]. Increased contents of fatty acids and their 
metabolites cause phosphorylation of insulin receptor substrate 1 (IRS-1) at serine, which 
blocks IRS-1 tyrosine phosphorylation and the associated activation of phosphatidylinositol- 
3' kinase (PI3K) activity, and results in a decreased translocation of the glucose transporter 
GLUT4 to membrane of muscle and liver cells [13, 14].  

The conversion of fatty acids to acetyl-CoA, the process known as β-oxidation, mainly 
occurs in the mitochondria. Defects in mitochondrial fatty acid oxidation and in adipocyte 
fat metabolism may increase fatty acid content in muscle and liver, which, in turn, cause 
impaired transport of glucose and defective glycogen synthesis in muscle, and sustained 
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output of glucose from the liver, which finally lead to hyperinsulinemia and insulin 
resistance. In addition, oxidative stress and cytokine induction in liver may lead to the 
development of nonalcoholic fatty liver (NAFLD). Considerable experimental evidence 
suggests that increased hepatic fat synthesis contributes to nonalcoholic steatohepatitis and 
associated insulin resistance [15]. 

Dietary fat composition is the major sources of free fatty acids in the blood and tissue. 
Consumption of high fat diets is strongly and positively associated with overweight that, in 
turn, deteriorates insulin sensitivity, particularly when the excess of body fat is located in 
abdominal region. Epidemiological evidence and experimental animal studies clearly show 
that saturated fat significantly worsen insulin resistance, while monounsaturated (MUFA) 
and polyunsaturated fatty acids (PUFA) improve it through modifications in the 
composition of cell membranes, and an elevated ratio of saturated fats to unsaturated fats is 
a risk factor for MS [16, 17]. 

A multicenter study has shown that shifting from a diet rich in saturated fatty acids (SFAs) 
to one rich in monounsaturated fat improves insulin sensitivity in healthy people [18]. 
Substitution of unsaturated fat for saturated fat reduces both LDL cholesterol and plasma 
triglycerides in insulin resistant individuals [16]. Several early cross- sectional studies have 
found a positive association between saturated fat intake and hyperinsulinaemia, and 
insulin resistance [19, 20], while polyunsaturated fat intake was inversely associated with 
plasma insulin levels whereas linoleic acid intake was positively associated with fasting 
plasma insulin concentrations, and increased unsaturated fat intake is associated with 
improved insulin sensitivity [16, 21]. 

In addition, numerous observations in rodent and cell culture models as well as obese and 
diabetic humans have shown that chronic lipid exposure is associated with insulin 
resistance [22-24], and fatty acid composition in body tissues is related to the incidence of 
diabetes [25]. Particular, intramuscular or hepatic content of TAG, diacylglycerol (DAG), or 
ceramide is negatively correlated with insulin sensitivity [26-28], which may be caused by 
disrupted insulin-stimulated translocation of the GLUT4 by ectopic accumulation of TAG 
and other lipid molecules in liver and muscle. 

More and more evidence suggests that ceramide, composition of sphingosine and fatty acid 
and found in high concentrations within the cell membrane, plays a critical role in insulin 
resistance [29]. Both in vitro and in vivo studies have produced a large body of data 
implicating that accumulation of ceramide and its metabolites is associated with nutrient-
induced pathogenesis of insulin resistance and metabolic diseases, including diabetes, 
cardiomyopathy, and atherosclerosis [28-30]. In cultured cells, ceramide inhibits insulin- 
stimulated glucose uptake by blocking translocation of the glucose transporter GLUT4, and 
glycogen synthesis [31, 32]. These effects are due to the ability of ceramide to block 
activation of Akt/PKB, a serine/threonine kinase that is activated by insulin and growth-
factors. It is also found that accumulation of ceramide may impair mitochondrial function 
by altering mitochondrial membrane permeability, inhibiting electron transport chain 
intermediates, and promoting oxidative stress [33]. 
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In rodents, inhibition of ceramide de novo synthesis pathway by serine palmitoyltransferase 
inhibitor myriocin improves insulin sensitivity and prevents insulin resistance associated 
metabolic diseases [30, 34-36]. In humans, it is well documented the association of ceramides 
accumulation in peripheral tissues, including muscle and fat, of obese subjects with insulin 
resistance [37-40]. 

2.1.2. Fatty acids and cardiovascular diseases 

Since the 1950s, it has long been believed that consumption of foods containing high amounts 
of SFAs, including meat fats, milk fat, butter, lard, coconut oil, etc, is not only a risk factor for 
dyslipidemia and insulin resistance, but also a risk factor for cardiovascular diseases. 
However, recent evidence from systematic reviews, meta-analyses and prospective cohort 
studies indicates that SFAs alone maybe not associated with an increased risk of 
cardiovascular disease. A randomized controlled dietary intervention trial that compared a 
carbohydrate restricted diet to a low fat diet over a 12-week period in overweight subjects with 
atherogenic dyslipidemia found that carbohydrate restriction, rather than a low fat diet may 
improve features of MS and cardiovascular risk [41]. In a recent cross-sectional study 
conducted in Japanese to exam the relationship between dietary ratio of PUFA to SFA with 
cardiovascular risk factors and MS, the data showed that dietary polyunsaturated to saturated 
fatty acid ratio was significantly and inversely related to serum total and LDL cholesterol, but 
did not significantly relate to single metabolic risk factors or the prevalence of MS [42].  

However, on the other hand, some SFAs such as stearic acid and fatty acids found in milk 
and milk products appear to be beneficial and may diminish the risk for cardiovascular 
disease. In a systematic review, after comparing with those of trans, other saturated, and 
unsaturated fatty acids (USFAs), Hunter et al [43] found that stearic acid raised LDL 
cholesterol, and compared with USFA, stearic acid lowered HDL cholesterol and increased 
the total cholesterol/HDL cholesterol ratio [43].  

Palmitoleic acid (cis-16:1, n-7) has been linked to both beneficial metabolic effects. It has 
been reported that adipose-produced cis-palmitoleate directly improved hepatic and 
skeletal muscle insulin resistance and related metabolic abnormalities, and suppressed 
hepatic fat synthesis as well [44]. A prospective cohort study showed that circulating trans-
palmitoleate (trans-16:1, n-7) is associated with lower insulin resistance, decreased presence 
of atherogenic dyslipidemia, and incidence of diabetes incidence [45] suggesting metabolic 
benefits of dairy consumption. There is also strong evidence collected by systematic review 
and meta-analysis of randomized controlled trials showing that consumption of 
polyunsaturated fat as a replacement for saturated fat alleviates coronary heart disease risk 
[46]. While many studies have found that replacement of saturated fats with 
polyunsaturated fats in the diet produces more beneficial outcomes on cardiovascular health 
[47, 48], the effects of substituting monounsaturated fats or carbohydrates are still unclear. 

2.1.3. Omega-3 PUFAs and metabolic syndrome      

Omega-3 PUFAs (also called ω−3 fatty acids or n−3 fatty acids are commonly found in 
marine and plant oils, which contain a double bond at the third carbon atom from the 



 
Lipid Metabolism 

 

188 

output of glucose from the liver, which finally lead to hyperinsulinemia and insulin 
resistance. In addition, oxidative stress and cytokine induction in liver may lead to the 
development of nonalcoholic fatty liver (NAFLD). Considerable experimental evidence 
suggests that increased hepatic fat synthesis contributes to nonalcoholic steatohepatitis and 
associated insulin resistance [15]. 

Dietary fat composition is the major sources of free fatty acids in the blood and tissue. 
Consumption of high fat diets is strongly and positively associated with overweight that, in 
turn, deteriorates insulin sensitivity, particularly when the excess of body fat is located in 
abdominal region. Epidemiological evidence and experimental animal studies clearly show 
that saturated fat significantly worsen insulin resistance, while monounsaturated (MUFA) 
and polyunsaturated fatty acids (PUFA) improve it through modifications in the 
composition of cell membranes, and an elevated ratio of saturated fats to unsaturated fats is 
a risk factor for MS [16, 17]. 

A multicenter study has shown that shifting from a diet rich in saturated fatty acids (SFAs) 
to one rich in monounsaturated fat improves insulin sensitivity in healthy people [18]. 
Substitution of unsaturated fat for saturated fat reduces both LDL cholesterol and plasma 
triglycerides in insulin resistant individuals [16]. Several early cross- sectional studies have 
found a positive association between saturated fat intake and hyperinsulinaemia, and 
insulin resistance [19, 20], while polyunsaturated fat intake was inversely associated with 
plasma insulin levels whereas linoleic acid intake was positively associated with fasting 
plasma insulin concentrations, and increased unsaturated fat intake is associated with 
improved insulin sensitivity [16, 21]. 

In addition, numerous observations in rodent and cell culture models as well as obese and 
diabetic humans have shown that chronic lipid exposure is associated with insulin 
resistance [22-24], and fatty acid composition in body tissues is related to the incidence of 
diabetes [25]. Particular, intramuscular or hepatic content of TAG, diacylglycerol (DAG), or 
ceramide is negatively correlated with insulin sensitivity [26-28], which may be caused by 
disrupted insulin-stimulated translocation of the GLUT4 by ectopic accumulation of TAG 
and other lipid molecules in liver and muscle. 

More and more evidence suggests that ceramide, composition of sphingosine and fatty acid 
and found in high concentrations within the cell membrane, plays a critical role in insulin 
resistance [29]. Both in vitro and in vivo studies have produced a large body of data 
implicating that accumulation of ceramide and its metabolites is associated with nutrient-
induced pathogenesis of insulin resistance and metabolic diseases, including diabetes, 
cardiomyopathy, and atherosclerosis [28-30]. In cultured cells, ceramide inhibits insulin- 
stimulated glucose uptake by blocking translocation of the glucose transporter GLUT4, and 
glycogen synthesis [31, 32]. These effects are due to the ability of ceramide to block 
activation of Akt/PKB, a serine/threonine kinase that is activated by insulin and growth-
factors. It is also found that accumulation of ceramide may impair mitochondrial function 
by altering mitochondrial membrane permeability, inhibiting electron transport chain 
intermediates, and promoting oxidative stress [33]. 
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In rodents, inhibition of ceramide de novo synthesis pathway by serine palmitoyltransferase 
inhibitor myriocin improves insulin sensitivity and prevents insulin resistance associated 
metabolic diseases [30, 34-36]. In humans, it is well documented the association of ceramides 
accumulation in peripheral tissues, including muscle and fat, of obese subjects with insulin 
resistance [37-40]. 

2.1.2. Fatty acids and cardiovascular diseases 

Since the 1950s, it has long been believed that consumption of foods containing high amounts 
of SFAs, including meat fats, milk fat, butter, lard, coconut oil, etc, is not only a risk factor for 
dyslipidemia and insulin resistance, but also a risk factor for cardiovascular diseases. 
However, recent evidence from systematic reviews, meta-analyses and prospective cohort 
studies indicates that SFAs alone maybe not associated with an increased risk of 
cardiovascular disease. A randomized controlled dietary intervention trial that compared a 
carbohydrate restricted diet to a low fat diet over a 12-week period in overweight subjects with 
atherogenic dyslipidemia found that carbohydrate restriction, rather than a low fat diet may 
improve features of MS and cardiovascular risk [41]. In a recent cross-sectional study 
conducted in Japanese to exam the relationship between dietary ratio of PUFA to SFA with 
cardiovascular risk factors and MS, the data showed that dietary polyunsaturated to saturated 
fatty acid ratio was significantly and inversely related to serum total and LDL cholesterol, but 
did not significantly relate to single metabolic risk factors or the prevalence of MS [42].  

However, on the other hand, some SFAs such as stearic acid and fatty acids found in milk 
and milk products appear to be beneficial and may diminish the risk for cardiovascular 
disease. In a systematic review, after comparing with those of trans, other saturated, and 
unsaturated fatty acids (USFAs), Hunter et al [43] found that stearic acid raised LDL 
cholesterol, and compared with USFA, stearic acid lowered HDL cholesterol and increased 
the total cholesterol/HDL cholesterol ratio [43].  

Palmitoleic acid (cis-16:1, n-7) has been linked to both beneficial metabolic effects. It has 
been reported that adipose-produced cis-palmitoleate directly improved hepatic and 
skeletal muscle insulin resistance and related metabolic abnormalities, and suppressed 
hepatic fat synthesis as well [44]. A prospective cohort study showed that circulating trans-
palmitoleate (trans-16:1, n-7) is associated with lower insulin resistance, decreased presence 
of atherogenic dyslipidemia, and incidence of diabetes incidence [45] suggesting metabolic 
benefits of dairy consumption. There is also strong evidence collected by systematic review 
and meta-analysis of randomized controlled trials showing that consumption of 
polyunsaturated fat as a replacement for saturated fat alleviates coronary heart disease risk 
[46]. While many studies have found that replacement of saturated fats with 
polyunsaturated fats in the diet produces more beneficial outcomes on cardiovascular health 
[47, 48], the effects of substituting monounsaturated fats or carbohydrates are still unclear. 

2.1.3. Omega-3 PUFAs and metabolic syndrome      

Omega-3 PUFAs (also called ω−3 fatty acids or n−3 fatty acids are commonly found in 
marine and plant oils, which contain a double bond at the third carbon atom from the 



 
Lipid Metabolism 

 

190 

methyl-end of the carbon chain. These PUFAs, including α-linolenic acid (ALA, 18:3, n-3), 
eicosapentaenoic acid (EPA, 20:5, n−3) and docosahexaenoic acid (DHA, 22:6, n−3), are 
considered as essential fatty acids because they can not be de novo synthesized by the 
human body. In human diets, ALA is usually derived from botanical sources such as perilla, 
flaxseed, canola, rapeseed, soybean, linseed and walnut. EPA and DHA are found in fish 
and some other sea foods [49]. Recent researches have shown that, while diets rich in 
saturated fatty acids (SFAs) are associated with an increased prevalence of obesity and type 
2 diabetes, supplement of omega-3 PUFAs rich in eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) has anti-inflammatory and anti-obesity effects and protect 
against metabolic abnormalities [50].  

Earlier epidemiologic observations showed the beneficial properties of n-3 PUFAs in 
populations consuming large amounts of fatty fish and marine mammal oils [51]. Later 
studies showed that a 3-wk supplement with fish oil rich in n-3 PUFA in healthy humans 
resulted in improved sensitivity to insulin, higher fat oxidation, and increased glycogen 
storage [52]. Most subsequent studies confirmed these effects and observed that 
supplementation with n-3 PUFAs, either EPA or DHA alone, or with their combination in 
fish oil, has favorably effects on many adverse serum and tissue lipid alterations related to 
the metabolic syndrome by reducing levels of fasting and postprandial serum 
triacylglycerols and free fatty acids [53, 54]. Some of the effects of n-3 PUFAs on lipid and 
lipoprotein metabolism could remain in subjects who become overtly diabetic. 

In addition, other recognized benefits of n-3 PUFAs include a reduction in inflammatory status, 
decreased platelet activation, mild reduction in blood pressure, improved endothelial function, 
and increased cellular antioxidant defense, all of which may prove particularly favorable in 
overweight, hypertensive patients [55]. Furthermore, supplementation with fish oil also blunted 
the sympathetic activity elicited by mental stress in healthy volunteers [56]. However, the 
beneficiary effects of n-3 PUFA supplementation on cardiovascular risk prevention are 
association with other components of lifestyle, ie, weight control, regular physical activity, and 
consumption of other dietary ingredients contributing to risk reduction [57]. 

The mechanisms underlying beneficiary effects of use n-3 PUFAs/fish oils or a combination 
of EPA and DHA have been extensively analyzed. Studies in animal and humans have 
demonstrated that, in addition to be used as fuels and structural components of the cell, the 
dietary intake of marine fish oil is also effective in lowering both triglyceride (Tg) and 
VLDL-Tg concentration in experimental animals and normal and hyper- triglyceridemic 
men [58, 59], which might be related to decreased mRNA encoding several proteins 
involved in hepatic lipogenesis including SREBP1, and enhanced fatty acid oxidation 
throughout a peroxisome proliferator- activated receptors (PPARs)—stimulated process [60, 
61]. Moreover, n-3 PUFAs elevate the fatty acid composition of membrane phospholipids 
that modify membrane-mediated processes such as insulin transduction signals, activities of 
lipases and biosynthesis of eicosanoids [62].  

Furthermore, dietary fish oil consumption normalizes the function of many tissues or cells 
involved in insulin sensitivity in the sucrose-rich diet (SRD) fed rats. It reverses 
dyslipidemia and improves insulin action and adiposity by reducing adipocytes cell size, 
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increasing insulin sensitive and decreasing the release of fatty acids. Both oxidative and 
non-oxidative glucose pathways are improved in muscle. In isolated beta cells, lipid 
contents and glucose oxidation return to normal [63]. All these effects lead to the 
improvement of glucose- stimulated insulin secretion and muscle insulin insensitivity. 

Adipose tissue plays a key role in the development of MetS and improvement of adipose tissue 
function is specifically linked to the beneficial effects of n-3 PUFA [64]. In accordance with the 
general anti-inammatory action, n-3 PUFA supplementation induces production and secretion 
of adiponectin [65], the major adipokine exerting an insulin-sensitizing effect, and prevents 
adipose tissue hyperplasia and hypertrophy, and induces mitochondrial biogenesis in 
adipocytes [66], which effects maybe mediated by n-3 PUFA induced AMP-activated protein 
kinase (AMPK), a metabolic sensor controlling intracellular metabolic uxes [64]. 

2.2. Dietary lipids and cancer 

Case–control and cohort studies have found positive associations between several cancers 
such as prostate cancer[67], ovarian cancer[68], breast cancer[69], colon cancer[70] etc, and 
an intake of foods with high levels of saturated fats, such as red meat, eggs, and dairy 
products. However, controversial results have also been reported about the role of high fat 
diet in carcinogenicity [71, 72]. This is largely due to the complexity of the diet, not only the 
fat components such as SFA, MUFA, and PUFA may vary among people in different 
regions, but also other non-fat nutrients may also alter the function of fat. Therefore only 
preclinical animal studies with clearly-defined fat composition may help elucidate the 
causal relationship between dietary fat and cancer. Up to now, it is generally accepted that 
cis-MUFA and omega-3 PUFAs are inversely associated with the increased risk of cancer, 
while SFA and omega-6 PUFAs are associated with the development of cancer [73]. 
However, physiologically, the metabolism of fatty acids are connected, any results based on 
a single fatty acids may be incomprehensive, therefore a fat containing diet with elevated 
MUFA and low ratio of omega-6/omega-3 fatty acid is suggested to be associated with 
cancer prevention and protection [74]. Interested readers are advised to read recent review 
articles about the association of dietary lipids with prostate [75] and breast cancer [76], and 
potential mechanisms for the association of dietary lipids with cancer [77-79]. 

2.2.1. Saturated fatty acids 

Recent studies have shown that high fat diet with saturated animal fat as major fat in the 
diet is associated with several cancer such as prostate cancer [67], colon cancer [80], ovarian 
cancer [68] and breast cancer [81] etc, whereas high fat diet with plant oils is not associated 
with cancer risk, however this may not be true, plant oils high in omega-6 fatty acids may be 
risk factors for cancer, which will be discussed in the polyunsaturated fatty acid section.  

2.2.2. Monounsaturated fatty acids 

It has been found that cancer incidence in the Mediterranean countries, where the main 
source of fat is olive oil, is lower than in other areas of the world. Such effects may be due to 
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methyl-end of the carbon chain. These PUFAs, including α-linolenic acid (ALA, 18:3, n-3), 
eicosapentaenoic acid (EPA, 20:5, n−3) and docosahexaenoic acid (DHA, 22:6, n−3), are 
considered as essential fatty acids because they can not be de novo synthesized by the 
human body. In human diets, ALA is usually derived from botanical sources such as perilla, 
flaxseed, canola, rapeseed, soybean, linseed and walnut. EPA and DHA are found in fish 
and some other sea foods [49]. Recent researches have shown that, while diets rich in 
saturated fatty acids (SFAs) are associated with an increased prevalence of obesity and type 
2 diabetes, supplement of omega-3 PUFAs rich in eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) has anti-inflammatory and anti-obesity effects and protect 
against metabolic abnormalities [50].  

Earlier epidemiologic observations showed the beneficial properties of n-3 PUFAs in 
populations consuming large amounts of fatty fish and marine mammal oils [51]. Later 
studies showed that a 3-wk supplement with fish oil rich in n-3 PUFA in healthy humans 
resulted in improved sensitivity to insulin, higher fat oxidation, and increased glycogen 
storage [52]. Most subsequent studies confirmed these effects and observed that 
supplementation with n-3 PUFAs, either EPA or DHA alone, or with their combination in 
fish oil, has favorably effects on many adverse serum and tissue lipid alterations related to 
the metabolic syndrome by reducing levels of fasting and postprandial serum 
triacylglycerols and free fatty acids [53, 54]. Some of the effects of n-3 PUFAs on lipid and 
lipoprotein metabolism could remain in subjects who become overtly diabetic. 

In addition, other recognized benefits of n-3 PUFAs include a reduction in inflammatory status, 
decreased platelet activation, mild reduction in blood pressure, improved endothelial function, 
and increased cellular antioxidant defense, all of which may prove particularly favorable in 
overweight, hypertensive patients [55]. Furthermore, supplementation with fish oil also blunted 
the sympathetic activity elicited by mental stress in healthy volunteers [56]. However, the 
beneficiary effects of n-3 PUFA supplementation on cardiovascular risk prevention are 
association with other components of lifestyle, ie, weight control, regular physical activity, and 
consumption of other dietary ingredients contributing to risk reduction [57]. 

The mechanisms underlying beneficiary effects of use n-3 PUFAs/fish oils or a combination 
of EPA and DHA have been extensively analyzed. Studies in animal and humans have 
demonstrated that, in addition to be used as fuels and structural components of the cell, the 
dietary intake of marine fish oil is also effective in lowering both triglyceride (Tg) and 
VLDL-Tg concentration in experimental animals and normal and hyper- triglyceridemic 
men [58, 59], which might be related to decreased mRNA encoding several proteins 
involved in hepatic lipogenesis including SREBP1, and enhanced fatty acid oxidation 
throughout a peroxisome proliferator- activated receptors (PPARs)—stimulated process [60, 
61]. Moreover, n-3 PUFAs elevate the fatty acid composition of membrane phospholipids 
that modify membrane-mediated processes such as insulin transduction signals, activities of 
lipases and biosynthesis of eicosanoids [62].  

Furthermore, dietary fish oil consumption normalizes the function of many tissues or cells 
involved in insulin sensitivity in the sucrose-rich diet (SRD) fed rats. It reverses 
dyslipidemia and improves insulin action and adiposity by reducing adipocytes cell size, 
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increasing insulin sensitive and decreasing the release of fatty acids. Both oxidative and 
non-oxidative glucose pathways are improved in muscle. In isolated beta cells, lipid 
contents and glucose oxidation return to normal [63]. All these effects lead to the 
improvement of glucose- stimulated insulin secretion and muscle insulin insensitivity. 

Adipose tissue plays a key role in the development of MetS and improvement of adipose tissue 
function is specifically linked to the beneficial effects of n-3 PUFA [64]. In accordance with the 
general anti-inammatory action, n-3 PUFA supplementation induces production and secretion 
of adiponectin [65], the major adipokine exerting an insulin-sensitizing effect, and prevents 
adipose tissue hyperplasia and hypertrophy, and induces mitochondrial biogenesis in 
adipocytes [66], which effects maybe mediated by n-3 PUFA induced AMP-activated protein 
kinase (AMPK), a metabolic sensor controlling intracellular metabolic uxes [64]. 

2.2. Dietary lipids and cancer 

Case–control and cohort studies have found positive associations between several cancers 
such as prostate cancer[67], ovarian cancer[68], breast cancer[69], colon cancer[70] etc, and 
an intake of foods with high levels of saturated fats, such as red meat, eggs, and dairy 
products. However, controversial results have also been reported about the role of high fat 
diet in carcinogenicity [71, 72]. This is largely due to the complexity of the diet, not only the 
fat components such as SFA, MUFA, and PUFA may vary among people in different 
regions, but also other non-fat nutrients may also alter the function of fat. Therefore only 
preclinical animal studies with clearly-defined fat composition may help elucidate the 
causal relationship between dietary fat and cancer. Up to now, it is generally accepted that 
cis-MUFA and omega-3 PUFAs are inversely associated with the increased risk of cancer, 
while SFA and omega-6 PUFAs are associated with the development of cancer [73]. 
However, physiologically, the metabolism of fatty acids are connected, any results based on 
a single fatty acids may be incomprehensive, therefore a fat containing diet with elevated 
MUFA and low ratio of omega-6/omega-3 fatty acid is suggested to be associated with 
cancer prevention and protection [74]. Interested readers are advised to read recent review 
articles about the association of dietary lipids with prostate [75] and breast cancer [76], and 
potential mechanisms for the association of dietary lipids with cancer [77-79]. 

2.2.1. Saturated fatty acids 

Recent studies have shown that high fat diet with saturated animal fat as major fat in the 
diet is associated with several cancer such as prostate cancer [67], colon cancer [80], ovarian 
cancer [68] and breast cancer [81] etc, whereas high fat diet with plant oils is not associated 
with cancer risk, however this may not be true, plant oils high in omega-6 fatty acids may be 
risk factors for cancer, which will be discussed in the polyunsaturated fatty acid section.  

2.2.2. Monounsaturated fatty acids 

It has been found that cancer incidence in the Mediterranean countries, where the main 
source of fat is olive oil, is lower than in other areas of the world. Such effects may be due to 
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the main MUFA in olive oil, oleic acid, and to certain minor compounds such as squalene 
and phenolic compounds [82]. Recent studies have also shown that canola oil, with high 
MUFA, oleic acid, can decrease colon and breast cancer incidence significantly [83, 84]. 
Although the authors suggested that such effect may be caused by omega-3 fatty acids, 
ALA, as high as 10% in canola oil, however, the role of oleic acid, as high as 61% in canola 
oil, cannot be excluded. So far, no epidemiological studies or animal studies can clearly 
demonstrate the preventive effect of MUFA on cancer, However, in vivo analysis of the fatty 
acid composition of the adipose tissue of breast cancer and healthy women showed that 
elevated adipose MUFA, oleic acid, are associated with reduced odds of breast cancer 
[85]. Although the mechanism underling the protective function of oleic acid on cancer is, so 
far, not clear, it has been found that oleic acid, when complexed with the molten globule 
form of alpha-lactalbumin (α-LA), acquires tumoricidal activity [86]. Carrillo et al found that 
oleic acid can inhibit store-operated Ca(2+) entry (SOCE), a Ca(2+) influx pathway, involved 
in the control of multiple cellular and physiological processes including cell proliferation, 
thus regulating the growth of colon carcinoma cells [87]. 

2.2.3. Polyunsaturated fatty acids 

Increasing evidences from animal and in vitro studies indicate that populations who ingest 
high amounts of omega-3 fatty acids in their diets have lower incidences of breast, colon, 
and, perhaps, prostate cancers. Paola et al. [88] used MTT viability test and expression of 
apoptotic markers to evaluate the effect of PUFAs on cancer growth, and their results 
indicated that EPA and DHA might induce modifications of tumor cell membrane structure 
leading to an obviously decreased induction rate of breast cancer. Menéndez et al. [89] also 
reported that omega-3 PUFAs ALA suppresses the overexpression of HER2, which plays an 
important role in aetiology, progression and chemosensitivity of various types of human 
cancers, suggesting that ALA is a potential anticancer agent. However, the clinical roles of 
omega-3 PUFAs may rely not only on the absolute content but also on the proportion of 
omega-3 PUFAs to omega-6 PUFAs in the cells due to the inverse biological functions of 
these two series of PUFAs. A higher omega-6/omega-3 PUFAs ratio contributes to many 
diseases including cancer, cardiovascular and inflammation. Reducing the omega-6/omega-
3 PUFAs ratio can help lower the risk of initiation and development of cancer. Berquin et al. 
established a prostate-specific phosphatase and tension homolog (PTEN) knockout mouse 
model, and the result demonstrated that a dietary ratio of omega-6/omega-3 PUFA lower 
than 5 was effective in suppressing tumor growth, and extending animal lifespan [90] The 
recent research suggested that a balanced ratio of omega-6/omega-3 PUFAs (1:1) exerts a 
beneficial effects on cell function and physiology [91]. 

2.2.4. Potential mechanisms of the association of dietary lipids with cancer 

Although it has been generally accepted that dietary lipids are associated with 
carcinogenesis and the development of cancer, the detailed mechanism is still far from clear. 
When lipids are digested and absorbed by small intestine mucosa cells, they can be 
transported to adipocytes for storage, or used for energy production by peripheral cells 
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through fatty acid β-oxidation. They can also be used for membrane lipid biosynthesis. 
Upon environmental stimulus, these lipids may be hydrolyzed and free fatty acids are 
released. Omega-6 PUFAs such as ARA released from membrane lipids will be converted to 
normal eicosanoids, and regulate cellular physiology; however elevated levels of these 
eicosanoids may accelerate cell proliferation and lead to inflammation and carcinogenesis, 
etc [92]. Whereas omega-3 PUFAs such as EPA, when released from membrane lipids, may 
be converted to eicosanoids with opposite activity to the product of omega-6 fatty acids, 
which inhibit cell proliferation and COX-2 activity, thus providing cancer preventive 
function [93]. Another mechanism of regulation of cancer initiation and development may 
be elucidated by fatty acid signaling pathway through its receptors. In particular, two 
transcription factors, sterol regulatory element binding protein-1c (SREBP-1c) and 
peroxisome proliferator activated receptor alpha (PPAR alpha), have emerged as key 
mediators of gene regulation by FA [94, 95]. SREBP-1c induces a set of lipogenic enzymes in 
liver. PUFA, but not SFA or MUFA, suppressES the induction of lipogenic genes by 
inhibiting the expression and processing of SREBP-1c. Thus inhibits the de novo lipogenesis 
of fatty acids, which is of particular importance for cancer cells [96].  

PPAR alpha plays an essential role in metabolic adaptation to fasting by inducing the genes 
for mitochondrial and peroxisomal FA oxidation as well as those for ketogenesis in 
mitochondria. FAs released from adipose tissue during fasting are considered as ligands of 
PPAR alpha. Dietary PUFA, except for 18:2 n-6, are likely to induce FA oxidation enzymes 
via PPAR alpha as a "feed-forward " mechanism. PPAR alpha is also required for regulating 
the synthesis of highly unsaturated FA, indicating pleiotropic functions of PPAR alpha in 
the regulation of lipid metabolic pathways. Thus, in addition to its inhibition of fatty acid 
biosynthesis through SREBP, omega-3 fatty acids induce fatty acid degradation through 
PPAR alpha, in so doing, they regulate fatty acid metabolism and metabolic diseases. 
Multiple mechanisms of omega-3 fatty acids mediated inhibition of cancer may include 
suppression of neoplastic transformation and cell growth, and enhanced apoptosis and 
antiangiogenicity etc [97].  

3. De novo lipogenesis in metabolic disease 

3.1. De novo lipogenesis in metabolic syndrome 

De novo fatty acid biosynthesis occurs in essentially all cells, but adipose tissue and liver are 
the major sites. The first committed step in fatty acid synthesis is catalyzed by fatty acid 
synthase (FAS), a multifunctional cytosolic protein that primarily synthesizes palmitate. 
Variations in FAS expression and enzyme activity have been implicated in insulin resistance 
and obesity in humans [98]. A circulating form of FAS has been reported as a biomarker of 
metabolic stress and insulin sensitivity. In humans it changes with weight loss and may 
reflect improved insulin sensitivity [99]. 

Fatty acid elongation is catalyzed by Elovl (elongation of very long-chain fatty acid) 
proteins. Elovl6 is thought to be involved in de novo lipogenesis and is regulated by dietary, 
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the main MUFA in olive oil, oleic acid, and to certain minor compounds such as squalene 
and phenolic compounds [82]. Recent studies have also shown that canola oil, with high 
MUFA, oleic acid, can decrease colon and breast cancer incidence significantly [83, 84]. 
Although the authors suggested that such effect may be caused by omega-3 fatty acids, 
ALA, as high as 10% in canola oil, however, the role of oleic acid, as high as 61% in canola 
oil, cannot be excluded. So far, no epidemiological studies or animal studies can clearly 
demonstrate the preventive effect of MUFA on cancer, However, in vivo analysis of the fatty 
acid composition of the adipose tissue of breast cancer and healthy women showed that 
elevated adipose MUFA, oleic acid, are associated with reduced odds of breast cancer 
[85]. Although the mechanism underling the protective function of oleic acid on cancer is, so 
far, not clear, it has been found that oleic acid, when complexed with the molten globule 
form of alpha-lactalbumin (α-LA), acquires tumoricidal activity [86]. Carrillo et al found that 
oleic acid can inhibit store-operated Ca(2+) entry (SOCE), a Ca(2+) influx pathway, involved 
in the control of multiple cellular and physiological processes including cell proliferation, 
thus regulating the growth of colon carcinoma cells [87]. 

2.2.3. Polyunsaturated fatty acids 

Increasing evidences from animal and in vitro studies indicate that populations who ingest 
high amounts of omega-3 fatty acids in their diets have lower incidences of breast, colon, 
and, perhaps, prostate cancers. Paola et al. [88] used MTT viability test and expression of 
apoptotic markers to evaluate the effect of PUFAs on cancer growth, and their results 
indicated that EPA and DHA might induce modifications of tumor cell membrane structure 
leading to an obviously decreased induction rate of breast cancer. Menéndez et al. [89] also 
reported that omega-3 PUFAs ALA suppresses the overexpression of HER2, which plays an 
important role in aetiology, progression and chemosensitivity of various types of human 
cancers, suggesting that ALA is a potential anticancer agent. However, the clinical roles of 
omega-3 PUFAs may rely not only on the absolute content but also on the proportion of 
omega-3 PUFAs to omega-6 PUFAs in the cells due to the inverse biological functions of 
these two series of PUFAs. A higher omega-6/omega-3 PUFAs ratio contributes to many 
diseases including cancer, cardiovascular and inflammation. Reducing the omega-6/omega-
3 PUFAs ratio can help lower the risk of initiation and development of cancer. Berquin et al. 
established a prostate-specific phosphatase and tension homolog (PTEN) knockout mouse 
model, and the result demonstrated that a dietary ratio of omega-6/omega-3 PUFA lower 
than 5 was effective in suppressing tumor growth, and extending animal lifespan [90] The 
recent research suggested that a balanced ratio of omega-6/omega-3 PUFAs (1:1) exerts a 
beneficial effects on cell function and physiology [91]. 

2.2.4. Potential mechanisms of the association of dietary lipids with cancer 

Although it has been generally accepted that dietary lipids are associated with 
carcinogenesis and the development of cancer, the detailed mechanism is still far from clear. 
When lipids are digested and absorbed by small intestine mucosa cells, they can be 
transported to adipocytes for storage, or used for energy production by peripheral cells 
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through fatty acid β-oxidation. They can also be used for membrane lipid biosynthesis. 
Upon environmental stimulus, these lipids may be hydrolyzed and free fatty acids are 
released. Omega-6 PUFAs such as ARA released from membrane lipids will be converted to 
normal eicosanoids, and regulate cellular physiology; however elevated levels of these 
eicosanoids may accelerate cell proliferation and lead to inflammation and carcinogenesis, 
etc [92]. Whereas omega-3 PUFAs such as EPA, when released from membrane lipids, may 
be converted to eicosanoids with opposite activity to the product of omega-6 fatty acids, 
which inhibit cell proliferation and COX-2 activity, thus providing cancer preventive 
function [93]. Another mechanism of regulation of cancer initiation and development may 
be elucidated by fatty acid signaling pathway through its receptors. In particular, two 
transcription factors, sterol regulatory element binding protein-1c (SREBP-1c) and 
peroxisome proliferator activated receptor alpha (PPAR alpha), have emerged as key 
mediators of gene regulation by FA [94, 95]. SREBP-1c induces a set of lipogenic enzymes in 
liver. PUFA, but not SFA or MUFA, suppressES the induction of lipogenic genes by 
inhibiting the expression and processing of SREBP-1c. Thus inhibits the de novo lipogenesis 
of fatty acids, which is of particular importance for cancer cells [96].  

PPAR alpha plays an essential role in metabolic adaptation to fasting by inducing the genes 
for mitochondrial and peroxisomal FA oxidation as well as those for ketogenesis in 
mitochondria. FAs released from adipose tissue during fasting are considered as ligands of 
PPAR alpha. Dietary PUFA, except for 18:2 n-6, are likely to induce FA oxidation enzymes 
via PPAR alpha as a "feed-forward " mechanism. PPAR alpha is also required for regulating 
the synthesis of highly unsaturated FA, indicating pleiotropic functions of PPAR alpha in 
the regulation of lipid metabolic pathways. Thus, in addition to its inhibition of fatty acid 
biosynthesis through SREBP, omega-3 fatty acids induce fatty acid degradation through 
PPAR alpha, in so doing, they regulate fatty acid metabolism and metabolic diseases. 
Multiple mechanisms of omega-3 fatty acids mediated inhibition of cancer may include 
suppression of neoplastic transformation and cell growth, and enhanced apoptosis and 
antiangiogenicity etc [97].  

3. De novo lipogenesis in metabolic disease 

3.1. De novo lipogenesis in metabolic syndrome 

De novo fatty acid biosynthesis occurs in essentially all cells, but adipose tissue and liver are 
the major sites. The first committed step in fatty acid synthesis is catalyzed by fatty acid 
synthase (FAS), a multifunctional cytosolic protein that primarily synthesizes palmitate. 
Variations in FAS expression and enzyme activity have been implicated in insulin resistance 
and obesity in humans [98]. A circulating form of FAS has been reported as a biomarker of 
metabolic stress and insulin sensitivity. In humans it changes with weight loss and may 
reflect improved insulin sensitivity [99]. 

Fatty acid elongation is catalyzed by Elovl (elongation of very long-chain fatty acid) 
proteins. Elovl6 is thought to be involved in de novo lipogenesis and is regulated by dietary, 
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hormonal and developmental factors. Mice with Elov6 deficiency are obese but protected 
from insulin resistance [100, 101].  

Citrate produced by the tricarboxylic acid cycle in mitochondria is converted by ATP-citrate 
lyase (ACL) to acetyl-CoA, which is next converted to malonyl-CoA by acetyl CoA 
carboxylase (ACC). Malonyl-CoA is a potent inhibitor of carnitine- palmitoyl transferase 1 
(CPT1), which transports FAs into the mitochondria for oxidation, thus plays a key role in the 
regulation of both mitochondrial fatty acid oxidation and fat synthesis. ACC catalyzes a key 
rate-controlling step in both de novo lipogenesis and fatty acid oxidation. The absence of ACC 
decreases the cellular concentration of malonyl-CoA, removes the inhibition of CPT1 and 
maintains FA oxidation. In rats with NAFLD, suppression or knockdown of ACC isoforms 
significantly reduced hepatic malonyl-CoA levels, lowered hepatic lipids including long-chain 
acyl-CoAs, DAG, and triglycerides, and improved hepatic insulin sensitivity [102].  

Lipogenesis and FA oxidation are highly integrated processes. Studies in genetically 
modified mice have demonstrated that inhibition of FA synthesis and storage is associated 
with upregulation of FA oxidation [103]. For examples, knockout the diacylglycerol 
acyltransferase (DGAT), an enzyme that catalyses the final acylation step of TAG synthesis, 
reduced fat deposition and protected mice against diet- induced obesity and, in the 
meanwhile, elevated mice energy expenditure and increased activity, suggesting a 
correlation of disrupted FA storage and increased FA oxidation [104, 105]. Similarly, 
deletion of acetyl-CoA carboxylase 2 (ACC2), an isoform of ACC and key enzyme for de 
novo FA synthesis, leads to a lean mouse with increased FA oxidation [106].  

As a major component of the metabolic syndrome, NAFLD characterizes with the 
accumulation of TAGs in hepatocytes, and development of steatohepatitis, cirrhosis, and 
hepatocellular carcinoma. FAs stored in adipose tissue and newly made through liver de 
novo lipogenesis are the major sources of TAGs in the liver [107]. 

Lipogenesis is also an insulin- and glucose-dependent process that is under the control of 
specific transcription factors. SREBP1 is such a transcription factor and activates most genes 
involved in FA synthesis. It occurs in two isoforms, SREBP1a and 1c, through alternative 
splicing. SREBP-1c is highly expressed in the WAT, liver, adrenal gland, brain, and muscle and 
regulates the expression of many of the genes involved in de novo FA and TAG synthesis 
including ACC and FAS [108, 109]. Insulin increases lipogenesis through activating SREBP-1c 
that is dependent on the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) [110]. 
SREBP1 gene expression is decreased in adipose tissue of obese subjects and the aberrant 
activation of SREBPs may contribute to obesity-related pathophysiology in various organs, 
including cardiac arrhythmogenesis and hepatic insulin resistance. 

Lipogenesis is also regulated by glucose activated carbohydrate response element-binding 
protein (ChREBP), which induces gene expression of liver-type pyruvate kinase, a key 
regulatory enzyme in glycolysis; this enzyme in turn provides the precursors for lipogenesis 
[111]. ChREBP also stimulates expression of genes involved in lipogenesis [112] including 
SREBP-1c, which in turn activates glycolytic gene expression, promoting glucose 
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metabolism, and lipogenic genes in conjunction with ChREBP [113]. ChREBP knockout mice 
show decreased liver triglyceride but increased liver glycogen content indicating that 
ChREBP may regulate metabolic gene expression to convert excess carbohydrate into 
triglyceride rather than glycogen [114]. In addition, complete inhibition of ChREBP in ob/ob 
mice reduces the effects of the MS such as obesity, fatty liver, and glucose intolerance, 
indicating it as a potential target for treatment of MS [115]. 

3.2. De novo lipogenesis in cancer 

Enhanced flux of glucose derivatives through glycolysis, which sustain the redirection of 
mitochondrial ATP to glucose phosphorylation, and de novo FA synthesis is a hallmark of 
aggressive cancers. Although most normal cells use FA from dietary lipids, tumor cells de 
novo synthesize more than 95% of lipids required for cell proliferation despite having 
enough nutritional supply of lipids. Lipogenic enzymes such as, FAS, ACC, and ACL 
involved in FA biosynthesis, glycerol-3-phosphate dehydrogenase involved in lipid 
biosynthesiss, and SREBP1, the master regulator of lipogenic gene expression, are found to 
be overexpressed in a number of cancer or cancer cells, such as prostate cancer [116], ovarian 
cancer [117], breast cancer [118], lung cancer [119], colon cancer [120], and etc. Some 
research has been carried out to provide insights into the molecular mechanism of the 
association of lipogenesis and cancer. In this chapter we focused on three main lipogenic 
genes: FAS, ACC, and ACL. 

3.2.1. Fatty acid synthase 

High levels of FAS expression have been found in many human cancers, including  prostate 
cancer [121], ovarian cancer [117, 122], breast cancer [123], bladder cancer [124], colon cancer 
[125] mantle cell lymphoma [126], and etc. However, the cellular mechanism by which FAS 
is up-regulated in cancer cells is not fully understood. Nevertheless a few studies suggested 
that steroid hormones and human epidermal growth factor receptor (HER) family ligands, 
especially HER2 could increase FAS expression via the PI3K/Akt or mitogen-activated 
protein kinases (MAPK) pathways[117]. Recently Mukherjee et al [117] demonstrated that 
bioactive lipid lysophosphatidic acid (LPA) induces FAS expression and lipogenesis 
through LPA2-G12/13-Rho-SREBP signaling pathway in ovarian cancer cells. Moreover 
over-expression of FAS in non-cancerous epithelial cells is sufficient to induce a cancer-like 
phenotype through the induction of HER1/HER2 [127], therefore FAS over-expression may 
play a role in carcinogenesis. Furthermore FAS overexpression is found to be associated 
with the advanced stage of colorectal cancer and liver metastasis, thus it may also play a role 
in the progression of cancer [128]. So far abundant evidences have shown that FAS 
contributes to both tumorigenesis and metastasis, and it becomes an ideal target for cancer 
therapy. In deed inhibition of FAS activity by FAS specific inhibitors or siRNA can 
significantly inhibit cancer or cancer cell growth, induce cancer cell apoptosis, and reduce 
the metastasis of several cancers[124, 129]. Both synthetic chemicals and natural products of 
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hormonal and developmental factors. Mice with Elov6 deficiency are obese but protected 
from insulin resistance [100, 101].  

Citrate produced by the tricarboxylic acid cycle in mitochondria is converted by ATP-citrate 
lyase (ACL) to acetyl-CoA, which is next converted to malonyl-CoA by acetyl CoA 
carboxylase (ACC). Malonyl-CoA is a potent inhibitor of carnitine- palmitoyl transferase 1 
(CPT1), which transports FAs into the mitochondria for oxidation, thus plays a key role in the 
regulation of both mitochondrial fatty acid oxidation and fat synthesis. ACC catalyzes a key 
rate-controlling step in both de novo lipogenesis and fatty acid oxidation. The absence of ACC 
decreases the cellular concentration of malonyl-CoA, removes the inhibition of CPT1 and 
maintains FA oxidation. In rats with NAFLD, suppression or knockdown of ACC isoforms 
significantly reduced hepatic malonyl-CoA levels, lowered hepatic lipids including long-chain 
acyl-CoAs, DAG, and triglycerides, and improved hepatic insulin sensitivity [102].  

Lipogenesis and FA oxidation are highly integrated processes. Studies in genetically 
modified mice have demonstrated that inhibition of FA synthesis and storage is associated 
with upregulation of FA oxidation [103]. For examples, knockout the diacylglycerol 
acyltransferase (DGAT), an enzyme that catalyses the final acylation step of TAG synthesis, 
reduced fat deposition and protected mice against diet- induced obesity and, in the 
meanwhile, elevated mice energy expenditure and increased activity, suggesting a 
correlation of disrupted FA storage and increased FA oxidation [104, 105]. Similarly, 
deletion of acetyl-CoA carboxylase 2 (ACC2), an isoform of ACC and key enzyme for de 
novo FA synthesis, leads to a lean mouse with increased FA oxidation [106].  

As a major component of the metabolic syndrome, NAFLD characterizes with the 
accumulation of TAGs in hepatocytes, and development of steatohepatitis, cirrhosis, and 
hepatocellular carcinoma. FAs stored in adipose tissue and newly made through liver de 
novo lipogenesis are the major sources of TAGs in the liver [107]. 

Lipogenesis is also an insulin- and glucose-dependent process that is under the control of 
specific transcription factors. SREBP1 is such a transcription factor and activates most genes 
involved in FA synthesis. It occurs in two isoforms, SREBP1a and 1c, through alternative 
splicing. SREBP-1c is highly expressed in the WAT, liver, adrenal gland, brain, and muscle and 
regulates the expression of many of the genes involved in de novo FA and TAG synthesis 
including ACC and FAS [108, 109]. Insulin increases lipogenesis through activating SREBP-1c 
that is dependent on the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) [110]. 
SREBP1 gene expression is decreased in adipose tissue of obese subjects and the aberrant 
activation of SREBPs may contribute to obesity-related pathophysiology in various organs, 
including cardiac arrhythmogenesis and hepatic insulin resistance. 

Lipogenesis is also regulated by glucose activated carbohydrate response element-binding 
protein (ChREBP), which induces gene expression of liver-type pyruvate kinase, a key 
regulatory enzyme in glycolysis; this enzyme in turn provides the precursors for lipogenesis 
[111]. ChREBP also stimulates expression of genes involved in lipogenesis [112] including 
SREBP-1c, which in turn activates glycolytic gene expression, promoting glucose 
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metabolism, and lipogenic genes in conjunction with ChREBP [113]. ChREBP knockout mice 
show decreased liver triglyceride but increased liver glycogen content indicating that 
ChREBP may regulate metabolic gene expression to convert excess carbohydrate into 
triglyceride rather than glycogen [114]. In addition, complete inhibition of ChREBP in ob/ob 
mice reduces the effects of the MS such as obesity, fatty liver, and glucose intolerance, 
indicating it as a potential target for treatment of MS [115]. 

3.2. De novo lipogenesis in cancer 

Enhanced flux of glucose derivatives through glycolysis, which sustain the redirection of 
mitochondrial ATP to glucose phosphorylation, and de novo FA synthesis is a hallmark of 
aggressive cancers. Although most normal cells use FA from dietary lipids, tumor cells de 
novo synthesize more than 95% of lipids required for cell proliferation despite having 
enough nutritional supply of lipids. Lipogenic enzymes such as, FAS, ACC, and ACL 
involved in FA biosynthesis, glycerol-3-phosphate dehydrogenase involved in lipid 
biosynthesiss, and SREBP1, the master regulator of lipogenic gene expression, are found to 
be overexpressed in a number of cancer or cancer cells, such as prostate cancer [116], ovarian 
cancer [117], breast cancer [118], lung cancer [119], colon cancer [120], and etc. Some 
research has been carried out to provide insights into the molecular mechanism of the 
association of lipogenesis and cancer. In this chapter we focused on three main lipogenic 
genes: FAS, ACC, and ACL. 

3.2.1. Fatty acid synthase 

High levels of FAS expression have been found in many human cancers, including  prostate 
cancer [121], ovarian cancer [117, 122], breast cancer [123], bladder cancer [124], colon cancer 
[125] mantle cell lymphoma [126], and etc. However, the cellular mechanism by which FAS 
is up-regulated in cancer cells is not fully understood. Nevertheless a few studies suggested 
that steroid hormones and human epidermal growth factor receptor (HER) family ligands, 
especially HER2 could increase FAS expression via the PI3K/Akt or mitogen-activated 
protein kinases (MAPK) pathways[117]. Recently Mukherjee et al [117] demonstrated that 
bioactive lipid lysophosphatidic acid (LPA) induces FAS expression and lipogenesis 
through LPA2-G12/13-Rho-SREBP signaling pathway in ovarian cancer cells. Moreover 
over-expression of FAS in non-cancerous epithelial cells is sufficient to induce a cancer-like 
phenotype through the induction of HER1/HER2 [127], therefore FAS over-expression may 
play a role in carcinogenesis. Furthermore FAS overexpression is found to be associated 
with the advanced stage of colorectal cancer and liver metastasis, thus it may also play a role 
in the progression of cancer [128]. So far abundant evidences have shown that FAS 
contributes to both tumorigenesis and metastasis, and it becomes an ideal target for cancer 
therapy. In deed inhibition of FAS activity by FAS specific inhibitors or siRNA can 
significantly inhibit cancer or cancer cell growth, induce cancer cell apoptosis, and reduce 
the metastasis of several cancers[124, 129]. Both synthetic chemicals and natural products of 
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FAS inhibitors have been developed [123[130], and the recent progress in developing FAS 
inhibitors as cancer drugs has been reviewed by Pandey et al [131].  

3.2.2. ATP-Citrate lyase and acetyl CoA carboxylase  

Apart from FAS, other key lipogenic enzymes for de novo FA biosynthesis include ACL and 
ACC. While ACL produce the substrate acetyl-CoA from glycolytic product citrate, ACC 
activates the substrate to generate malanyl-CoA, the building block for fatty acid synthesis. 
Both ACC and ACL have been found to be over-expressed in many cancers such as breast, 
liver, lung, ovarian, prostate and leukemia cancers [132, 133]. Inhibition of either ACL or 
ACC induces growth arrest and apoptosis in several cancer cell lines [134-136]. The potential 
mechanism of ACL overexpression in tumorigenesis is through PI3K/AKT and MAPK 
signaling pathway [135, 137]. Yoon et al [138] found that the major mechanism of HER2-
mediated induction of ACC alpha in breast cancer cells is translational regulated primarily 
through mTOR signaling pathway. While Mukherjee et al [117] found that LPA induced 
induction of ACC in ovarian cancer cells is through LPA2-Gq-PLC-AMPK signaling 
pathway. Many small molecule inhibitors for ACL and ACC have been developed as 
potential therapeutic agents for cancer [133, 139]. 

4. Phospholipids metabolism in metabolic diseases 

Phospholipids are polar lipids as major component of membrane structure and some 
intracellular complex such as lipoproteins. Enzymes involved in the metabolism of 
phospholipids include phospholipase A2 (PLA2), phospholipase C (PLC), phospholipase D 
(PLD), and lysophospholipase D (autotoxin), and alterations of these enzymes have been 
found to be linked with metabolic diseases, such as MS and cancer. In addition, the 
intermediates or end products of phospholipid metabolism such as phosphatidic acid (PA), 
DAG, LPA, sphingosine-1-phoshate (S-1-P), and free fatty acid arichidonic acid (ARA), are 
also involved in the pathogenesis of metabolic diseases. 

4.1. Phospholipid metabolism in metabolic syndrome 

Phosphatidylcholine (PC) is the most abundant phospholipids in animal cells. Blocking S-
adenosylmethionine (SAMe) or PC synthesis in C. elegans, mouse liver, and human cells 
have been found to cause elevated SREBP-1-dependent transcription and lipid droplet 
accumulation [4], suggesting nutritional or genetic conditions limiting SAMe or PC 
production may activate SREBP-1, and contribute to human metabolic disorders. 

Phosphatidylethanolamine (PE) is another abundant phospholipid in mammals. PE and its 
downstream signaling events play an important role in the heart function, and alteration in 
the asymmetrical transbilayer distribution of PE in sarcolemmal membranes during 
ischemia causes sarcolemmal disruption [140]. Moreover, abnormalities in the molecular 
species profile of PE may contribute to membrane dysfunction and defective contractility of 
the diabetic heart [141, 142].  
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SREBPs may play critical roles in phospholipid homeostasis and lipotoxic cardiomyopathy. 
Dysregulated phospholipid signaling that alters SREBP activity has been reported to 
contribute to the progression of impaired heart function in flies and also act as a potential 
link to lipotoxic cardiac diseases in humans [143]. Thus the role of SREBPs in modulating 
heart function and its associated phospholipid signaling maybe a candidate target for future 
therapies for obesity- and diabetes- related cardiac dysfunction.  

4.2. Phospholipid metabolism in cancer 

An aberrant choline phospholipid metabolism is another major hallmark of cancer cells. In 
deed alterations of choline phospholipid metabolism have been reported in ovarian cancer 
and also in breast cancer [144, 145]. Altered choline phospholipid metabolism in ovarian 
cancer has been found to be linked with the regulation of FAS. Because the drop in the level 
of PC (59%) was significantly correlated with a drop in de novo synthesized FA levels, PC 
was identified as a potential noninvasive magnetic resonance spectroscopy–detectable 
biomarker of FAS inhibition in vivo [146]. Phospholipids and their metabolism have been 
found to be involved in ovarian cancer in several forms, including LPA, PLA2, PLD, and 
autotoxin (ATX). Although aberrant phospholipid metabolism has been found in other 
cancers, the most detailed research work has been carried out using ovarian cancer as a 
model, so in this section we summarized the recent advances in the research of 
phospholipid metabolism and ovarian cancer. 

4.2.1. Lysophosphatidic acid 

The LPAs, with their various FA side chains, are the constituents of a growth-stimulating 
factor—ovarian cancer activating factor—that has been identified from ascites in patients 
with ovarian cancer [147]. As a bioactive compound, LPA works to induce cell proliferation 
or differentiation, prevents apoptosis induced by environmental stress or stimuli, induce 
platelet aggregation and smooth muscle contraction, and stimulate morphological changes, 
adhesion and migration of cells. It thus is involved in a broad range of biologic processes in 
a variety of cellular systems [148, 149]. As an established mitogen, LPA also promotes the 
invasiveness of hepatoma cells into monolayers of mesothelial cells, and stimulates 
proliferation of ovarian and breast cancer cell lines even in the absence of other growth 
promoters such as serum. Furthermore, LPA stimulates rapid neurite retraction and 
rounding of the cell body in serum-deprived neuroblastoma cells [150], and plays a critical 
role in regulation of gene expression in normal and neoplastic cells. It is a potent modulator 
of the expression of genes involved in inflammation, angiogenesis, and carcinogenesis such 
as interleukin [151-154], vascular endothelial growth factor (VEGF) [155], urokinase 
plasminogen activator [156], and cyclooxygenase-2 [157]. Thus LPA may contribute to 
cancer progression by triggering expression of those target genes, resulting in a more 
invasive and metastatic microenvironment for tumor cells [152, 158]. A significant increase 
in the expression of LPA receptors (LPA2 and LPA3) with VEGF was found by Fujita et al. 
[159], who suggested that LPA receptors might be involved in VEGF expression mediated 
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FAS inhibitors have been developed [123[130], and the recent progress in developing FAS 
inhibitors as cancer drugs has been reviewed by Pandey et al [131].  

3.2.2. ATP-Citrate lyase and acetyl CoA carboxylase  

Apart from FAS, other key lipogenic enzymes for de novo FA biosynthesis include ACL and 
ACC. While ACL produce the substrate acetyl-CoA from glycolytic product citrate, ACC 
activates the substrate to generate malanyl-CoA, the building block for fatty acid synthesis. 
Both ACC and ACL have been found to be over-expressed in many cancers such as breast, 
liver, lung, ovarian, prostate and leukemia cancers [132, 133]. Inhibition of either ACL or 
ACC induces growth arrest and apoptosis in several cancer cell lines [134-136]. The potential 
mechanism of ACL overexpression in tumorigenesis is through PI3K/AKT and MAPK 
signaling pathway [135, 137]. Yoon et al [138] found that the major mechanism of HER2-
mediated induction of ACC alpha in breast cancer cells is translational regulated primarily 
through mTOR signaling pathway. While Mukherjee et al [117] found that LPA induced 
induction of ACC in ovarian cancer cells is through LPA2-Gq-PLC-AMPK signaling 
pathway. Many small molecule inhibitors for ACL and ACC have been developed as 
potential therapeutic agents for cancer [133, 139]. 

4. Phospholipids metabolism in metabolic diseases 

Phospholipids are polar lipids as major component of membrane structure and some 
intracellular complex such as lipoproteins. Enzymes involved in the metabolism of 
phospholipids include phospholipase A2 (PLA2), phospholipase C (PLC), phospholipase D 
(PLD), and lysophospholipase D (autotoxin), and alterations of these enzymes have been 
found to be linked with metabolic diseases, such as MS and cancer. In addition, the 
intermediates or end products of phospholipid metabolism such as phosphatidic acid (PA), 
DAG, LPA, sphingosine-1-phoshate (S-1-P), and free fatty acid arichidonic acid (ARA), are 
also involved in the pathogenesis of metabolic diseases. 

4.1. Phospholipid metabolism in metabolic syndrome 

Phosphatidylcholine (PC) is the most abundant phospholipids in animal cells. Blocking S-
adenosylmethionine (SAMe) or PC synthesis in C. elegans, mouse liver, and human cells 
have been found to cause elevated SREBP-1-dependent transcription and lipid droplet 
accumulation [4], suggesting nutritional or genetic conditions limiting SAMe or PC 
production may activate SREBP-1, and contribute to human metabolic disorders. 

Phosphatidylethanolamine (PE) is another abundant phospholipid in mammals. PE and its 
downstream signaling events play an important role in the heart function, and alteration in 
the asymmetrical transbilayer distribution of PE in sarcolemmal membranes during 
ischemia causes sarcolemmal disruption [140]. Moreover, abnormalities in the molecular 
species profile of PE may contribute to membrane dysfunction and defective contractility of 
the diabetic heart [141, 142].  
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SREBPs may play critical roles in phospholipid homeostasis and lipotoxic cardiomyopathy. 
Dysregulated phospholipid signaling that alters SREBP activity has been reported to 
contribute to the progression of impaired heart function in flies and also act as a potential 
link to lipotoxic cardiac diseases in humans [143]. Thus the role of SREBPs in modulating 
heart function and its associated phospholipid signaling maybe a candidate target for future 
therapies for obesity- and diabetes- related cardiac dysfunction.  

4.2. Phospholipid metabolism in cancer 

An aberrant choline phospholipid metabolism is another major hallmark of cancer cells. In 
deed alterations of choline phospholipid metabolism have been reported in ovarian cancer 
and also in breast cancer [144, 145]. Altered choline phospholipid metabolism in ovarian 
cancer has been found to be linked with the regulation of FAS. Because the drop in the level 
of PC (59%) was significantly correlated with a drop in de novo synthesized FA levels, PC 
was identified as a potential noninvasive magnetic resonance spectroscopy–detectable 
biomarker of FAS inhibition in vivo [146]. Phospholipids and their metabolism have been 
found to be involved in ovarian cancer in several forms, including LPA, PLA2, PLD, and 
autotoxin (ATX). Although aberrant phospholipid metabolism has been found in other 
cancers, the most detailed research work has been carried out using ovarian cancer as a 
model, so in this section we summarized the recent advances in the research of 
phospholipid metabolism and ovarian cancer. 

4.2.1. Lysophosphatidic acid 

The LPAs, with their various FA side chains, are the constituents of a growth-stimulating 
factor—ovarian cancer activating factor—that has been identified from ascites in patients 
with ovarian cancer [147]. As a bioactive compound, LPA works to induce cell proliferation 
or differentiation, prevents apoptosis induced by environmental stress or stimuli, induce 
platelet aggregation and smooth muscle contraction, and stimulate morphological changes, 
adhesion and migration of cells. It thus is involved in a broad range of biologic processes in 
a variety of cellular systems [148, 149]. As an established mitogen, LPA also promotes the 
invasiveness of hepatoma cells into monolayers of mesothelial cells, and stimulates 
proliferation of ovarian and breast cancer cell lines even in the absence of other growth 
promoters such as serum. Furthermore, LPA stimulates rapid neurite retraction and 
rounding of the cell body in serum-deprived neuroblastoma cells [150], and plays a critical 
role in regulation of gene expression in normal and neoplastic cells. It is a potent modulator 
of the expression of genes involved in inflammation, angiogenesis, and carcinogenesis such 
as interleukin [151-154], vascular endothelial growth factor (VEGF) [155], urokinase 
plasminogen activator [156], and cyclooxygenase-2 [157]. Thus LPA may contribute to 
cancer progression by triggering expression of those target genes, resulting in a more 
invasive and metastatic microenvironment for tumor cells [152, 158]. A significant increase 
in the expression of LPA receptors (LPA2 and LPA3) with VEGF was found by Fujita et al. 
[159], who suggested that LPA receptors might be involved in VEGF expression mediated 
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by LPA signals in human ovarian oncogenesis. The recent identification of metabolizing 
enzymes that mediate the degradation and production of LPA and the development of 
receptor selective-analogs has opened a potential new approach to the treatment of ovarian 
cancer [160]. LPA also stimulates VEGF expression independent of hypoxia-inducible factor 
1 (H1F1) and promotes tumor angiogenesis by activation of c-Myc and Sp-1 transcription 
factors [161]. A very recent study shows that LPA induces de novo lipogenesis through 
LPA2-G12/13-SREBP-FAS, and LPA2-G(q)-AMPK-ACC signaling pathway. 

4.2.2. Phospholipase A2 

The PLA2 enzyme has been implicated in the activation of cell migration and the production 
of LPA in ovarian carcinoma cells [162]. Autonomous replication and growth-factor-
stimulated proliferation of ovarian cancer cells are highly sensitive to inhibition of calcium-
independent PLA2 (iPLA2), but are refractory to inhibition of cytosolic PLA2 [162]. 
Activation of iPLA2 plays a critical role in cell migration, which is involved in many 
important biologic processes such as development, the immunologic and inflammatory 
responses, and tumor biology [162]. When ovarian cancer cells were grown under growth-
factor-independent conditions, suppression of iPLA2 activity led to an accumulation of cell 
populations in both the S and the G2/M-phases [163]. Supplementation with exogenous 
growth factors such as LPA and epidermal growth factor in culture released the S-phase 
arrest, but did not affect the G2/M arrest associated with inhibition of iPLA2. In addition to 
the prominent effect on the cell cycle, inhibition of iPLA2 also induced weak-to-modest 
increases in apoptosis [163]. Downregulation of iPLA2 �with lentivirus-mediated RNA 
interference targeting iPLA2 �expression inhibited cell proliferation in culture and decreased 
tumorigenicity of ovarian cancer cell lines in athymic nude mice [163]. Recently iPLA2 has 
been found to play a role in breast cancer metastasis as iPLA2 deficiency protects breast 
cancer from metastasis to the lung [164]. 

4.2.3. Phospholipase D 

PLD, a family of signaling enzymes that most commonly responsible to generate most lipid 
second messenger phosphatidic acid (PA), is found in diverse organisms from bacteria to 
humans and functions in multiple cellular pathways. It has been increasingly recognized as 
a critical regulator of cell proliferation and tumorigenesis and the expression and activity of 
PLD are elevated in many different types of human cancers.  

In ovarian cancer cells, PLD is involved in the formation of PA, which may be further 
converted to LPA by PLA2. It was suggested that PLD is also involved in cancer progression 
and metastasis and elevated PLD expression has been reported in various cancer tissues 
[165]. Moreover, PLD was found to stimulate cell protrusions in v-Src–transformed cells 
[166]. Furthermore, PLD activity was elevated by the integrin receptor signaling pathway in 
OVCAR-3 cells, and PLD blocking was found to inhibit integrin-mediated Rac translocation 
in, and the spreading and migration of, OVCAR-3 cells [167]. Thus, the PLD-PA-Rac 
pathway plays an important role in the metastasis of cancer cells, and might provide a 
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connection for integrin and PLD-mediated cancer metastasis [167]. A new mechanism has 
also been suggested for PLD and PA mediated carcinogenesis through Wnt/β-catenin 
signaling network [168]. 

4.2.4. Autotaxin 

The ATX protein is a member of the ectonucleotide pyrophosphatase and phosphodiesterase 
family of enzymes, but unlike other members of this group, ATX possesses 
lysophospholipase D activity. This enzyme hydrolyzes lysophosphatidylcholine (LPC) to 
generate bioactive lipid LPA, which is an important signaling molecule regulates a variety 
of biological process through its receptors. ATX is essential for normal development and is 
implicated in various physiological processes. It also acts as a potent tumor growth factor 
and mitogen that is, associated with pathological conditions such as cancer, pain and 
fibrosis. Exogenous addition of VEGF-A to cultured cells induces ATX expression and 
secretion, resulting in increased extracellular LPA production [169]. This elevated LPA, 
acting through LPA4, modulates VEGF responsiveness by inducing VEGF receptor 2 
expression. Downregulation of ATX secretion in SKOV3 cells significantly attenuates cell 
motility responses to VEGF, ATX, LPA, LPC [169]. Through their respective G protein–
coupled receptors, LPC and LPA have both been reported to stimulate migration [170]. LPC 
was unable to stimulate the cellular migration by itself, ATX had to be present. Knocking 
down ATX secretion, or inhibiting its catalytic activity, blocked cellular migration by 
preventing LPA production and the subsequent activation of LPA receptors [170]. 

5. Summary 

As a combination of central obesity, dyslipidemia, and insulin resistance, MS is the central 
of world–wide prevalence of Type 2 Diabetes Mellitus (T2DM), cardiovascular diseases and 
inflammation. Current animal and clinical evidence strongly suggest that abnormal lipid 
metabolism is closely associated with onset of insulin resistance and cancer. Importantly, 
more and more evidence show that most of the components of the MS are linked in some 
way to the development of various cancers [171-173], although epidemiological studies 
linking the MS to cancer are highly required. Obesity and diabetes have been reported to be 
associated with breast, endometrial, colorectal, pancreatic, hepatic or renal cancer [174, 175]. 
The molecular links between MS and cancer are still unclear, but insulin/insulin-like growth 
factor (IGF) systems and associated intracellular signaling cascades may play an important 
role in mediating MS related cancers [173]. However, the mechanisms by which actually 
promote tumor cell growth in patients with MS need further investigation. Since lipids and 
their metabolites and metabolism pathways are related to metabolic diseases and cancer cell 
growth, we propose that lipids may link to MS and cancers and exploring the related 
molecules and understanding the underlying mechanisms will be helpful in developing 
potential therapies for both MS and cancer. Based on the discoveries of current research 
results, a diet with high amount of oleic acid and balanced ratio of omega-3/omega-6 PUFAs 
would be helpful for health and prevention of both MS and cancer.  
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PLD are elevated in many different types of human cancers.  
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converted to LPA by PLA2. It was suggested that PLD is also involved in cancer progression 
and metastasis and elevated PLD expression has been reported in various cancer tissues 
[165]. Moreover, PLD was found to stimulate cell protrusions in v-Src–transformed cells 
[166]. Furthermore, PLD activity was elevated by the integrin receptor signaling pathway in 
OVCAR-3 cells, and PLD blocking was found to inhibit integrin-mediated Rac translocation 
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connection for integrin and PLD-mediated cancer metastasis [167]. A new mechanism has 
also been suggested for PLD and PA mediated carcinogenesis through Wnt/β-catenin 
signaling network [168]. 

4.2.4. Autotaxin 

The ATX protein is a member of the ectonucleotide pyrophosphatase and phosphodiesterase 
family of enzymes, but unlike other members of this group, ATX possesses 
lysophospholipase D activity. This enzyme hydrolyzes lysophosphatidylcholine (LPC) to 
generate bioactive lipid LPA, which is an important signaling molecule regulates a variety 
of biological process through its receptors. ATX is essential for normal development and is 
implicated in various physiological processes. It also acts as a potent tumor growth factor 
and mitogen that is, associated with pathological conditions such as cancer, pain and 
fibrosis. Exogenous addition of VEGF-A to cultured cells induces ATX expression and 
secretion, resulting in increased extracellular LPA production [169]. This elevated LPA, 
acting through LPA4, modulates VEGF responsiveness by inducing VEGF receptor 2 
expression. Downregulation of ATX secretion in SKOV3 cells significantly attenuates cell 
motility responses to VEGF, ATX, LPA, LPC [169]. Through their respective G protein–
coupled receptors, LPC and LPA have both been reported to stimulate migration [170]. LPC 
was unable to stimulate the cellular migration by itself, ATX had to be present. Knocking 
down ATX secretion, or inhibiting its catalytic activity, blocked cellular migration by 
preventing LPA production and the subsequent activation of LPA receptors [170]. 

5. Summary 

As a combination of central obesity, dyslipidemia, and insulin resistance, MS is the central 
of world–wide prevalence of Type 2 Diabetes Mellitus (T2DM), cardiovascular diseases and 
inflammation. Current animal and clinical evidence strongly suggest that abnormal lipid 
metabolism is closely associated with onset of insulin resistance and cancer. Importantly, 
more and more evidence show that most of the components of the MS are linked in some 
way to the development of various cancers [171-173], although epidemiological studies 
linking the MS to cancer are highly required. Obesity and diabetes have been reported to be 
associated with breast, endometrial, colorectal, pancreatic, hepatic or renal cancer [174, 175]. 
The molecular links between MS and cancer are still unclear, but insulin/insulin-like growth 
factor (IGF) systems and associated intracellular signaling cascades may play an important 
role in mediating MS related cancers [173]. However, the mechanisms by which actually 
promote tumor cell growth in patients with MS need further investigation. Since lipids and 
their metabolites and metabolism pathways are related to metabolic diseases and cancer cell 
growth, we propose that lipids may link to MS and cancers and exploring the related 
molecules and understanding the underlying mechanisms will be helpful in developing 
potential therapies for both MS and cancer. Based on the discoveries of current research 
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1. Introduction 

Mediation of nutrition and environmental stressors through hormonal and physiological 
responses alters growth performance and lipid metabolism in nonruminants, resulting in 
substantial impacts on carcass lipid quality. Understanding and managing the factors that 
control carcass fat quality is a challenge for the swine industry yet provides opportunities to 
improve final carcass quality and profitability of pork production. Three major contributors 
to lipid quality in swine are regulation of de novo lipogenesis, dietary lipid composition, and 
environmental stressors. This chapter will evaluate these contributors and their effects on 
lipid deposition and quality, as well as nutritional and managerial interventions. 

2. De novo lipogenesis 

In general, the fatty acid profiles of swine carcass lipids are reflective of dietary fatty acid 
composition and de novo lipogenesis. The level of unsaturation in dietary fat sources is 
mimicked in the carcass fatty acid profile, altering the lipid firmness by increasing the 
degree of unsaturation. Stress has also been shown to impact growth performance, and can 
have an impact on the swine industry both by altering growth performance and carcass 
lipid firmness. Fatty acids synthesized de novo are products of pathways tightly regulated by 
rate-limiting enzymes. Nutritional and hormonal regulators of the enzymes which regulate 
these pathways can alter rates in lipid synthesis, oxidation, and desaturation. 

The first step in de novo lipogenesis is the generation of the main fatty acid subunit, malonyl-
CoA. The production of malonyl-CoA from acetyl-CoA is catalyzed by acetyl-CoA 
carboxylase (ACC; EC 6.4.1.2) [1]. Acetyl-CoA is a single polypeptide chain which contains a 
biotin carboxyl carrier protein, biotin carboxylase, and carboxyl transferase domains [2, 3]. 
Acetyl-CoA is present as ACCα (~265 kDa) in liver and adipose tissue and catalyzes fatty 
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acid synthesis [2, 3, 4]. In liver, heart, and muscle tissues ACCβ (~280 kDa) controls fatty 
acid oxidation [2, 3, 4]. The ACC reaction is a two-step reaction in which the biotin molecule, 
covalently attached by holo-carboxylase synthetase to the ε-amino group of a lysine residue, 
acts as the carboxyl carrier [5]. The first step results in the formation of carboxy-biotinyl-
ACC at the biotin carboxylase active site and is ATP-dependent. During the second step, the 
carboxyl group is transferred from biotin to acetyl-CoA forming the malonyl-CoA product 
[5]. 

The fatty acid synthase (FAS; EC 2.3.1.85) pathway is responsible for de novo lipogenesis 
which stores excess energy as fatty acids in liver and adipose tissue [1,6]. This pathway 
occurs within the cytosol and is a sequence of seven steps which are NADPH-dependent 
and utilize one acetyl-CoA and seven malonyl-CoAs as the base molecules to produce 
palmitate [1]. The NADPH required for each reaction is derived from activity of malic 
enzyme and the pentose phosphate shunt [7]. Though palmitate is the main product, stearic, 
mysristic and shorter fatty acids may also be produced [7]. Fatty acids produced from de 
novo lipogenesis are primarily saturated or monounsaturated and may be used in 
phospholipid and triacylglycerol synthesis [7].  

Fatty acid synthase is a multifunctional enzyme composed of two identical monomers, each 
~270 kDa [3]. Each monomer contains six functional domains which are β-ketoacyl synthase 
(KS), acetyl/malonyl transacylase (AT/MT), β-hydroxyacyl dehydratase (DH), enoyl 
reductase (ER), β-ketoacyl reductase (KR), acyl carrier protein (ACP) and thioesterase (TE) 
in order from the N-terminus [3]. The condensation of seven C2 moieties to the acetyl unit 
involves specific functions of the monomer components [3]. The reaction begins when the 
two substrates, acetyl-CoA and malonyl-CoA, are transferred to the KS and ACP, 
respectively, which is catalyzed by acetyl and malonyl transacylases. The condensation of 
these two substrates is catalyzed by KS and thus acetoacetyl-ACP is formed and CO2 is 
released. Acetoacetyl is reduced to a β-hydroxyacyl chain by KR and the product is then 
dehydrated and reduced a second time by DH and ER, respectively. The resulting product is 
a four-carbon fatty acid which is attached to ACP and transferred, by KS, from the ACP to a 
Cys-SH group on the KS. The ACP is then free to accept another malonyl unit. The addition 
of two carbon units from malonyl-CoA to the growing acyl chain leads to the synthesis of 
palmitate which is released after being hydrolyzed by TE [3].  

2.1. Regulation of de novo lipogenesis  

Regulation of ACC and FAS are important as they are the rate limiting steps of lipogenesis. 
Transcriptional regulation of ACC-α and -β is controlled by three promoters, PI, II, and III [5]. 
These promoters respond to glucose, insulin, thyroid hormone, catabolic hormones, and leptin 
[5]. Additional regulation occurs by sterol-regulatory-element-binding protein 1c (SREBP1c) 
and peroxisome-proliferator-activated receptors (PPAR) [5]. Fasting inhibits ACC expression 
though re-feeding returns expression to normal levels. Insulin exposure activates ACC, while 
catecholamines or glucagon exposure will inhibit ACC [5]. Activation and inhibition by 
insulin, catecholamines and glucagon, respectively, occur within minutes of exposure [5]. 
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Acetyl-CoA carboxylase is also allosterically regulated, resulting in active and inactive 
protein conformations [1,5]. Phosphorylation of four or more serine residues on ACC results 
in inactivation [5, 8]. Phosphorylation of ACCα is by AMP-activated protein kinase (AMPK) 
while phosphorylation of ACCβ is by protein kinase A (PKA) [5, 8]. In liver and heart cells, 
insulin activates ACCα by dephosphorylating the AMPK site although this mechanism has 
not been observed in fat or liver cells [5].  

Transcriptional regulation is the primary means of controlling FAS [1, 7]. The FAS promoter 
has been studied in the rat, human, and chicken and the sequence is highly conserved 
among species [7]. The 5’ flanking region of the promoter is 2.1 kb long and has 
transcription factor binding sites which determine tissue specificity of expression [7]. 
Promoter activity and FAS expression have been shown to increase in transgenic mice when 
high carbohydrate diets are fed, after fasting, and with increased insulin and glucocorticoid 
levels. Dietary polyunsaturated fatty acids (PUFA) decrease hepatic and adipose FAS 
mRNA levels and is a part of the mechanism of dietary fats to reduce de novo fatty acid 
synthesis [7]. Another mode of FAS regulation is stability of FAS mRNA [7]. In diabetic rats, 
thyroid hormone regulates FAS mRNA stability and in fetal rat lung, glucocorticoids 
stabilize FAS mRNA [7].  

2.2. Desaturation of fatty acids 

Stearoyl-CoA desaturase (SCD; EC 1.14.19.1), also known as ∆9 desaturase, is an endoplasmic 
reticulum associated enzyme that catalyzes the conversion of saturated fatty acids to 
monounsaturated fatty acids (MUFA) [9, 10]. Palmitoyl-CoA and stearoyl-CoA are the 
primary substrates of the desaturation reaction and are converted to palmitoleoyl-CoA and 
oleoyl-CoA, respectively [10, 11]. In liver, SCD is also required for synthesis of cholesteryl 
esters [9]. There are four isomers of SCD: SCD-1, found in adipose and liver tissue; SCD-2 and 
-3, found in the brain and harderian gland; and SCD-4, found in the heart [9]. The action of 
SCD to add a double bond to the ∆9 position of a saturated fatty acid starts the desaturation 
process. More double bonds can then be added by the elongation pathways discussed below 
[11]. Desaturation of 12 to 19 carbon fatty acyl-CoAs catalyzed by SCD-1, -2, -3, and -4 results 
in the addition of a cis-double bond between carbons nine and 10 and this reaction requires 
NADH, oxygen, NADH-cytochrome b5 reductase and cytochrome b5 [9].  

Control of SCD-1, -2, -3, and -4 is mainly by transcriptional regulation [9]. Dietary omega-3 
and -6 PUFAs, thyroid hormone, glucagon, thiazolidinediones, and leptin suppress SCD-1 
expression, while cholesterol, vitamin A, PPARα, SREBP-1c, and high carbohydrate feeding 
induce expression [9, 12]. Increased SCD-1 activity thus increases the conversion of 
saturated fatty acids to unsaturated fatty acids and changes the ratio of carcass fatty acids.  

2.3. β-oxidation 

β-oxidation is the catabolic process, occurring primarily in the mitochondria of the cell, that 
breaks down fatty acids into acyl-CoA molecules. These two carbon molecules can then 
enter the tricarboxylic acid cycle for energy production. β-oxidation involves three key 
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acid synthesis [2, 3, 4]. In liver, heart, and muscle tissues ACCβ (~280 kDa) controls fatty 
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covalently attached by holo-carboxylase synthetase to the ε-amino group of a lysine residue, 
acts as the carboxyl carrier [5]. The first step results in the formation of carboxy-biotinyl-
ACC at the biotin carboxylase active site and is ATP-dependent. During the second step, the 
carboxyl group is transferred from biotin to acetyl-CoA forming the malonyl-CoA product 
[5]. 

The fatty acid synthase (FAS; EC 2.3.1.85) pathway is responsible for de novo lipogenesis 
which stores excess energy as fatty acids in liver and adipose tissue [1,6]. This pathway 
occurs within the cytosol and is a sequence of seven steps which are NADPH-dependent 
and utilize one acetyl-CoA and seven malonyl-CoAs as the base molecules to produce 
palmitate [1]. The NADPH required for each reaction is derived from activity of malic 
enzyme and the pentose phosphate shunt [7]. Though palmitate is the main product, stearic, 
mysristic and shorter fatty acids may also be produced [7]. Fatty acids produced from de 
novo lipogenesis are primarily saturated or monounsaturated and may be used in 
phospholipid and triacylglycerol synthesis [7].  

Fatty acid synthase is a multifunctional enzyme composed of two identical monomers, each 
~270 kDa [3]. Each monomer contains six functional domains which are β-ketoacyl synthase 
(KS), acetyl/malonyl transacylase (AT/MT), β-hydroxyacyl dehydratase (DH), enoyl 
reductase (ER), β-ketoacyl reductase (KR), acyl carrier protein (ACP) and thioesterase (TE) 
in order from the N-terminus [3]. The condensation of seven C2 moieties to the acetyl unit 
involves specific functions of the monomer components [3]. The reaction begins when the 
two substrates, acetyl-CoA and malonyl-CoA, are transferred to the KS and ACP, 
respectively, which is catalyzed by acetyl and malonyl transacylases. The condensation of 
these two substrates is catalyzed by KS and thus acetoacetyl-ACP is formed and CO2 is 
released. Acetoacetyl is reduced to a β-hydroxyacyl chain by KR and the product is then 
dehydrated and reduced a second time by DH and ER, respectively. The resulting product is 
a four-carbon fatty acid which is attached to ACP and transferred, by KS, from the ACP to a 
Cys-SH group on the KS. The ACP is then free to accept another malonyl unit. The addition 
of two carbon units from malonyl-CoA to the growing acyl chain leads to the synthesis of 
palmitate which is released after being hydrolyzed by TE [3].  

2.1. Regulation of de novo lipogenesis  

Regulation of ACC and FAS are important as they are the rate limiting steps of lipogenesis. 
Transcriptional regulation of ACC-α and -β is controlled by three promoters, PI, II, and III [5]. 
These promoters respond to glucose, insulin, thyroid hormone, catabolic hormones, and leptin 
[5]. Additional regulation occurs by sterol-regulatory-element-binding protein 1c (SREBP1c) 
and peroxisome-proliferator-activated receptors (PPAR) [5]. Fasting inhibits ACC expression 
though re-feeding returns expression to normal levels. Insulin exposure activates ACC, while 
catecholamines or glucagon exposure will inhibit ACC [5]. Activation and inhibition by 
insulin, catecholamines and glucagon, respectively, occur within minutes of exposure [5]. 
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Acetyl-CoA carboxylase is also allosterically regulated, resulting in active and inactive 
protein conformations [1,5]. Phosphorylation of four or more serine residues on ACC results 
in inactivation [5, 8]. Phosphorylation of ACCα is by AMP-activated protein kinase (AMPK) 
while phosphorylation of ACCβ is by protein kinase A (PKA) [5, 8]. In liver and heart cells, 
insulin activates ACCα by dephosphorylating the AMPK site although this mechanism has 
not been observed in fat or liver cells [5].  

Transcriptional regulation is the primary means of controlling FAS [1, 7]. The FAS promoter 
has been studied in the rat, human, and chicken and the sequence is highly conserved 
among species [7]. The 5’ flanking region of the promoter is 2.1 kb long and has 
transcription factor binding sites which determine tissue specificity of expression [7]. 
Promoter activity and FAS expression have been shown to increase in transgenic mice when 
high carbohydrate diets are fed, after fasting, and with increased insulin and glucocorticoid 
levels. Dietary polyunsaturated fatty acids (PUFA) decrease hepatic and adipose FAS 
mRNA levels and is a part of the mechanism of dietary fats to reduce de novo fatty acid 
synthesis [7]. Another mode of FAS regulation is stability of FAS mRNA [7]. In diabetic rats, 
thyroid hormone regulates FAS mRNA stability and in fetal rat lung, glucocorticoids 
stabilize FAS mRNA [7].  

2.2. Desaturation of fatty acids 

Stearoyl-CoA desaturase (SCD; EC 1.14.19.1), also known as ∆9 desaturase, is an endoplasmic 
reticulum associated enzyme that catalyzes the conversion of saturated fatty acids to 
monounsaturated fatty acids (MUFA) [9, 10]. Palmitoyl-CoA and stearoyl-CoA are the 
primary substrates of the desaturation reaction and are converted to palmitoleoyl-CoA and 
oleoyl-CoA, respectively [10, 11]. In liver, SCD is also required for synthesis of cholesteryl 
esters [9]. There are four isomers of SCD: SCD-1, found in adipose and liver tissue; SCD-2 and 
-3, found in the brain and harderian gland; and SCD-4, found in the heart [9]. The action of 
SCD to add a double bond to the ∆9 position of a saturated fatty acid starts the desaturation 
process. More double bonds can then be added by the elongation pathways discussed below 
[11]. Desaturation of 12 to 19 carbon fatty acyl-CoAs catalyzed by SCD-1, -2, -3, and -4 results 
in the addition of a cis-double bond between carbons nine and 10 and this reaction requires 
NADH, oxygen, NADH-cytochrome b5 reductase and cytochrome b5 [9].  

Control of SCD-1, -2, -3, and -4 is mainly by transcriptional regulation [9]. Dietary omega-3 
and -6 PUFAs, thyroid hormone, glucagon, thiazolidinediones, and leptin suppress SCD-1 
expression, while cholesterol, vitamin A, PPARα, SREBP-1c, and high carbohydrate feeding 
induce expression [9, 12]. Increased SCD-1 activity thus increases the conversion of 
saturated fatty acids to unsaturated fatty acids and changes the ratio of carcass fatty acids.  

2.3. β-oxidation 

β-oxidation is the catabolic process, occurring primarily in the mitochondria of the cell, that 
breaks down fatty acids into acyl-CoA molecules. These two carbon molecules can then 
enter the tricarboxylic acid cycle for energy production. β-oxidation involves three key 



 
Lipid Metabolism 214 

components: activation of fatty acids in the cytosol of the cell, transport of activated fatty 
acids into the cell mitochondria, and oxidation.  

The mechanism of the carnitine pathway is an ordered reaction where the binding of acyl-
CoA begins the transport action [13]. Long chain fatty acids are converted to acyl-CoAs by 
acyl-CoA synthetase [14]. Acyl-CoAs are converted to acyl-carnitine molecules and 
transferred across the outer mitochondrial membrane by carnitine palmitoyltransferase-I 
(CPT; EC 2.3.1.21) [14]. Carnitine palmitoyltransferase-II is located on the inner 
mitochondrial membrane and liberates the carnitine from the acylcarnitine after transfer 
across the inner mitochondrial membrane [15]. After liberation, the acyl-CoA units are 
available for β-oxidation within the mitochondrial matrix [14]. Because CPT-II is not 
regulated [1] it is not pertinent to this discussion. 

Carnitine palmitoyltransferase-I is located on the outer mitochondrial membrane and limits 
the rate of fatty acid oxidation by controlling the transportion of fatty acyl-CoA to the 
mitochondrial matrix where β-oxidation occurs [13, 1]. Two transmembrane domains 
anchor CPT-I to the outer mitochondrial membrane [13]. There are three isoforms of CPT-I 
[1]. In liver, kidney, lung, and heart tissue, CPT-Ia is present; CPT-Ib is present in skeletal 
muscle, heart, and adipose tissue; and CPT-Ic is brain tissue specific [1].  

Regulation of β-oxidation occurs during the initial transport step. The main route of CPT-I 
regulation is by malonyl-CoA, the first product of lipogenesis, which inhibits CPT-I and aids 
to prevent simultaneous oxidation and synthesis [1, 16]. Regulation of CPT-I allows β-
oxidation to be regulated by controlling the availability of acyl-CoA in the mitochondrial 
matrix [1, 14]. Though the sensivitiy of the CTP-Ia and CPT-Ib to malonyl-CoA are different, 
they both contain binding sites on the same side of the membrane as the active site [13]. The 
N-terminus of the enzyme, which is not required for catalytic activity, controls the response 
to malonyl-CoA [13]. The kinetics of inhibition by malonyl-CoA are responsive to 
temperature, pH, and lipids [13, 14]. 

Fasting and glucagon increases CPT-I gene expression while hypothyroidism decreases 
expression by regulating the transcription level [13]. The insulin growth factor I receptor 
also controls CPT-I expression by mediating the inhibitory effects of insulin [13, 14]. 
Expression of CPT-I is also transcriptionally upregulated by PPARα [13]. Long chain fatty 
acids increase CPT-Ia mRNA expression in liver tissue by both increasing transcription 
levels as well as improving CPT-I mRNA stability [14].  

2.4. Regulation of lipid metabolism by transcription factors  

Sterol regulatory element binding proteins (SREBP) are helix loop helix proteins that are 
within the leucine zipper family of transcription factors [9]. The SREBPs are present as two 
isoforms, SREBP-1 (a and c subforms) and SREBP-2 [9]. While SREBP-2 is primarily 
involved in activation of cholesterol synthesis and metabolism, SREBP-1c is involved solely 
in regulation of fatty acid synthesis and SREBP-1a is capable of inducing both synthesis of 
cholesterol and fatty acids [9]. In the liver, SREBP-1c increases expression of SCD, ACC, FAS 
and acetyl CoA synthase [9].  
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Long-chain fatty acids are oxidized in the peroxisome by catalase, producing acetyl-CoA 
and hydrogen peroxide [15]. The catalase enzyme is induced by high-fat diets and 
proliferation of the peroxisomes is controlled by the peroxisome proliferator activated 
receptor (PPAR), which is part of the nuclear receptor family [9, 15]. The PPARα form is 
involved in regulation of β-oxidation and lipolysis in hepatocytes while PPARγ is involved 
in regulation of fatty acid synthesis in adipocytes [17, 18, 19]. The PPAR binding site 
contains both a hydrophobic ligand-binding pocket and a DNA-binding domain [9]. 
Stimulation of fatty acid oxidation by PPARα is by induction of CPT-I. Peroxisome 
proliferators also stimulate SCD-1 transcription levels [9].  

Intracellular fatty acids contribute to the overall regulation of synthesis and oxidative pathways. 
Fatty acids enter cells through diffusion or transporters, specifically fatty acid transport protein 
(FATP) or fatty acid transporter CD36 (FAT). Fatty acyl CoA synthetases or FATP then convert 
fatty acids into fatty acyl CoA (FACoA). Fatty acid binding proteins (FABP) then bind to and 
transport FACoA into intracellular compartments where they influence transcription through 
regulation of PPARα, γ and SREBP-1 [17, 20]. Intracellular PUFA inhibit SREBP-1 by 
downregulating enzymes involved in fatty acid synthesis [17, 18]. Intracellular PUFA activate 
PPAR to upregulate the transcription of the corresponding enzymes [17]. 

3. Dietary lipid composition 
Dietary triacylglycerol composition plays a major role in determining adipose tissue 
composition. Monogastric animals incorporate dietary fatty acids directly into tissue lipid 
deposits [21, 22] and, therefore, to manipulate carcass lipid quality, it is important to 
understand the interactions of dietary lipids with carcass lipid. Carcass fatty acid profiles 
closely mimic dietary fatty acid profile [21, 23], and therefore, potential exists to modify carcass 
lipid properties (i.e., firmness, fatty acid profile, etc.) by altering dietary lipid composition.  

One of the strongest determinants of carcass fat quality in pigs is the level and composition 
of lipids in the diet [24]. Because the utilization efficiency of dietary fat is 90% in pigs fed 
above maintenance [24] and the transfer coefficient of dietary fat to carcass lipid is as high as 
31-40% [25] the carcass lipid composition is a reflection of dietary fat. The impact of dietary 
lipids on carcass lipid may differ depending on the timing of feeding relative to growth and 
finishing, levels included in the diet, and interactions with other stressors. 

3.1. Dietary fat 

Dietary triacylglycerols alter carcass lipid composition at the level of the fatty acid profile 
[21]. Saturated fatty acids lack double bonds and have melting temperatures above 40ºC. 
Mono-, di- and poly-unsaturated fatty acids have one, two, or many double bonds, 
respectively and as the level of unsaturation increases, the melting point decreases [21]. The 
ratio of saturated to unsaturated fatty acids is a way of describing the relative saturation of a 
fatty acid profile [21]. Iodine value, a measure of double bonds in a lipid, is a method used 
to composite characteristics of lipids in regard to fluidity [21, 26]. Saturated to unsaturated 
ratios and iodine values can be utilized to describe the composition of lipids in both 
feedstuffs, total rations, and animal tissue.  
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components: activation of fatty acids in the cytosol of the cell, transport of activated fatty 
acids into the cell mitochondria, and oxidation.  

The mechanism of the carnitine pathway is an ordered reaction where the binding of acyl-
CoA begins the transport action [13]. Long chain fatty acids are converted to acyl-CoAs by 
acyl-CoA synthetase [14]. Acyl-CoAs are converted to acyl-carnitine molecules and 
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(CPT; EC 2.3.1.21) [14]. Carnitine palmitoyltransferase-II is located on the inner 
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available for β-oxidation within the mitochondrial matrix [14]. Because CPT-II is not 
regulated [1] it is not pertinent to this discussion. 

Carnitine palmitoyltransferase-I is located on the outer mitochondrial membrane and limits 
the rate of fatty acid oxidation by controlling the transportion of fatty acyl-CoA to the 
mitochondrial matrix where β-oxidation occurs [13, 1]. Two transmembrane domains 
anchor CPT-I to the outer mitochondrial membrane [13]. There are three isoforms of CPT-I 
[1]. In liver, kidney, lung, and heart tissue, CPT-Ia is present; CPT-Ib is present in skeletal 
muscle, heart, and adipose tissue; and CPT-Ic is brain tissue specific [1].  

Regulation of β-oxidation occurs during the initial transport step. The main route of CPT-I 
regulation is by malonyl-CoA, the first product of lipogenesis, which inhibits CPT-I and aids 
to prevent simultaneous oxidation and synthesis [1, 16]. Regulation of CPT-I allows β-
oxidation to be regulated by controlling the availability of acyl-CoA in the mitochondrial 
matrix [1, 14]. Though the sensivitiy of the CTP-Ia and CPT-Ib to malonyl-CoA are different, 
they both contain binding sites on the same side of the membrane as the active site [13]. The 
N-terminus of the enzyme, which is not required for catalytic activity, controls the response 
to malonyl-CoA [13]. The kinetics of inhibition by malonyl-CoA are responsive to 
temperature, pH, and lipids [13, 14]. 

Fasting and glucagon increases CPT-I gene expression while hypothyroidism decreases 
expression by regulating the transcription level [13]. The insulin growth factor I receptor 
also controls CPT-I expression by mediating the inhibitory effects of insulin [13, 14]. 
Expression of CPT-I is also transcriptionally upregulated by PPARα [13]. Long chain fatty 
acids increase CPT-Ia mRNA expression in liver tissue by both increasing transcription 
levels as well as improving CPT-I mRNA stability [14].  

2.4. Regulation of lipid metabolism by transcription factors  

Sterol regulatory element binding proteins (SREBP) are helix loop helix proteins that are 
within the leucine zipper family of transcription factors [9]. The SREBPs are present as two 
isoforms, SREBP-1 (a and c subforms) and SREBP-2 [9]. While SREBP-2 is primarily 
involved in activation of cholesterol synthesis and metabolism, SREBP-1c is involved solely 
in regulation of fatty acid synthesis and SREBP-1a is capable of inducing both synthesis of 
cholesterol and fatty acids [9]. In the liver, SREBP-1c increases expression of SCD, ACC, FAS 
and acetyl CoA synthase [9].  
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Long-chain fatty acids are oxidized in the peroxisome by catalase, producing acetyl-CoA 
and hydrogen peroxide [15]. The catalase enzyme is induced by high-fat diets and 
proliferation of the peroxisomes is controlled by the peroxisome proliferator activated 
receptor (PPAR), which is part of the nuclear receptor family [9, 15]. The PPARα form is 
involved in regulation of β-oxidation and lipolysis in hepatocytes while PPARγ is involved 
in regulation of fatty acid synthesis in adipocytes [17, 18, 19]. The PPAR binding site 
contains both a hydrophobic ligand-binding pocket and a DNA-binding domain [9]. 
Stimulation of fatty acid oxidation by PPARα is by induction of CPT-I. Peroxisome 
proliferators also stimulate SCD-1 transcription levels [9].  

Intracellular fatty acids contribute to the overall regulation of synthesis and oxidative pathways. 
Fatty acids enter cells through diffusion or transporters, specifically fatty acid transport protein 
(FATP) or fatty acid transporter CD36 (FAT). Fatty acyl CoA synthetases or FATP then convert 
fatty acids into fatty acyl CoA (FACoA). Fatty acid binding proteins (FABP) then bind to and 
transport FACoA into intracellular compartments where they influence transcription through 
regulation of PPARα, γ and SREBP-1 [17, 20]. Intracellular PUFA inhibit SREBP-1 by 
downregulating enzymes involved in fatty acid synthesis [17, 18]. Intracellular PUFA activate 
PPAR to upregulate the transcription of the corresponding enzymes [17]. 

3. Dietary lipid composition 
Dietary triacylglycerol composition plays a major role in determining adipose tissue 
composition. Monogastric animals incorporate dietary fatty acids directly into tissue lipid 
deposits [21, 22] and, therefore, to manipulate carcass lipid quality, it is important to 
understand the interactions of dietary lipids with carcass lipid. Carcass fatty acid profiles 
closely mimic dietary fatty acid profile [21, 23], and therefore, potential exists to modify carcass 
lipid properties (i.e., firmness, fatty acid profile, etc.) by altering dietary lipid composition.  

One of the strongest determinants of carcass fat quality in pigs is the level and composition 
of lipids in the diet [24]. Because the utilization efficiency of dietary fat is 90% in pigs fed 
above maintenance [24] and the transfer coefficient of dietary fat to carcass lipid is as high as 
31-40% [25] the carcass lipid composition is a reflection of dietary fat. The impact of dietary 
lipids on carcass lipid may differ depending on the timing of feeding relative to growth and 
finishing, levels included in the diet, and interactions with other stressors. 

3.1. Dietary fat 

Dietary triacylglycerols alter carcass lipid composition at the level of the fatty acid profile 
[21]. Saturated fatty acids lack double bonds and have melting temperatures above 40ºC. 
Mono-, di- and poly-unsaturated fatty acids have one, two, or many double bonds, 
respectively and as the level of unsaturation increases, the melting point decreases [21]. The 
ratio of saturated to unsaturated fatty acids is a way of describing the relative saturation of a 
fatty acid profile [21]. Iodine value, a measure of double bonds in a lipid, is a method used 
to composite characteristics of lipids in regard to fluidity [21, 26]. Saturated to unsaturated 
ratios and iodine values can be utilized to describe the composition of lipids in both 
feedstuffs, total rations, and animal tissue.  
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Fat is commonly added in swine diets from 0.5% up to 7% of the ration and increases 
growth rate, reduces feed intake, and improves feed efficiency [21]. Because of the 
previously mentioned utilization efficiency and transfer coefficients, the level of saturation 
and iodine value of the feed lipid source will be strongly reflected in the carcass fatty acid 
profile and therefore, sources of dietary fats play a critical role in final carcass lipid quality. 
Vegetable oils are typically high in linoleic acid, have an unsaturated to saturated fatty acid 
ratio of 12:1 [22] and an iodine value greater than 100 [21]. Diets high in these unsaturated 
vegetable oils will result in oily, soft carcass fat [21]. Conversely, tallow, which is high in 
palmitate and stearate, has a saturated to unsaturated fatty acid ratio of 1:1 [22], an iodine 
value between 40 and 45 [21] and will result in firmer carcass fat when fed in the diet. 
Greater saturated:unsaturated fatty acid ratio in fat contained in pig carcasses results in 
fewer difficulties during processing [27] due to increased firmness at typical processing 
temperatures (2 to 4°C). Due to differences in calculation of these indices, some variations in 
fatty acid profile are captured with one ration but not the other, as seen in Figure 1. For this 
reason, it is best to utilize both the IV and saturated:unsaturated indices when 
characterizing fat quality, in order to identify all variations in fatty acid profile. 

 
Figure 1. Differences in carcass lipid quality alter final product characteristics. Higher iodine values 
(IV) are associated with fat that is softer, resulting in increased difficulty slicing and processing. Panel a 
is backfat with an IV of 69 which represents fat that is firm and maintains shape and structure, while 
panel b is backfat with an IV of 79 which represents fat that will lack the firmness required for 
processing. Saturated to unsaturated fatty acid ratios are also used to characterize fatty acid profiles. 
While sausages (bottom panels) made from different animals have the same IV (59), the differences in 
saturated:unsaturated fatty acids results in a higher quality, firmer product in panel c (0.62) that has less 
smearing compared with panel d (0.59).  
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3.2. Dried Distillers Grains with Solubles 

Dried distillers grains with solubles (DDGS) is the by-product of yeast fermentation of 
grains such as corn for ethanol production [28]. During fermentation, corn starch is 
converted into alcohol and the remaining grain components, protein, fat, fiber, minerals, 
and vitamins are concentrated in the fermentative co-product approximately 3-times that of 
corn [28]. The nutritional value of corn DDGS is variable and a function of DDGS processing 
[28, 29, 30].  

There are two processes by which ethanol can be extracted from corn, wet milling and dry 
grinding. Dry grinding is more commonly used and accounts for 70% of ethanol production 
processes [31]. Dry grinding yields the maximum ethanol from corn while wet milling 
yields other products including corn oil and corn gluten meal [31, 32]. The dry grind process 
begins by grinding the corn and mixing it with water (Figure 2). The resulting mash is then 
heated with enzymes to convert the starches to sugars which can be fermented by yeast. The 
product contains particulates and solubles which are distilled and dehydrated, producing 
ethanol and wet distiller’s grains. The distiller’s grains are then dried in order to increase 
shelf life [31, 32].  

 
Figure 2. Dry grind processing of corn to produce ethanol. Progression of processing steps are shown 
in ovals and gray arrows, with inputs and outputs indicated by black arrows. The major byproduct of 
ethanol production is dried distillers grains with solubles. 

Mill

Liquefy

Saccharify 
& Ferment

Distill

Dehydrate

Ethanol

Dry

Dried Distillers 
Grains with Solubles

CO2

Corn

Enzyme

Enzyme



 
Lipid Metabolism 216 

Fat is commonly added in swine diets from 0.5% up to 7% of the ration and increases 
growth rate, reduces feed intake, and improves feed efficiency [21]. Because of the 
previously mentioned utilization efficiency and transfer coefficients, the level of saturation 
and iodine value of the feed lipid source will be strongly reflected in the carcass fatty acid 
profile and therefore, sources of dietary fats play a critical role in final carcass lipid quality. 
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fatty acid profile are captured with one ration but not the other, as seen in Figure 1. For this 
reason, it is best to utilize both the IV and saturated:unsaturated indices when 
characterizing fat quality, in order to identify all variations in fatty acid profile. 

 
Figure 1. Differences in carcass lipid quality alter final product characteristics. Higher iodine values 
(IV) are associated with fat that is softer, resulting in increased difficulty slicing and processing. Panel a 
is backfat with an IV of 69 which represents fat that is firm and maintains shape and structure, while 
panel b is backfat with an IV of 79 which represents fat that will lack the firmness required for 
processing. Saturated to unsaturated fatty acid ratios are also used to characterize fatty acid profiles. 
While sausages (bottom panels) made from different animals have the same IV (59), the differences in 
saturated:unsaturated fatty acids results in a higher quality, firmer product in panel c (0.62) that has less 
smearing compared with panel d (0.59).  
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3.2. Dried Distillers Grains with Solubles 
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heated with enzymes to convert the starches to sugars which can be fermented by yeast. The 
product contains particulates and solubles which are distilled and dehydrated, producing 
ethanol and wet distiller’s grains. The distiller’s grains are then dried in order to increase 
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The nutritional value of DDGS for pigs is influenced by the processing procedure and 
production plant equipment and techniques [33, 34]. The nutrient profile of DDGS remains 
highly variable even within the same production site [30, 35]. The NRC published content 
for DDGS is 93% dry matter, 2.82 Mcal/kg metabolizable energy, 27.7% crude protein, 8.4% 
crude fat and 34.6% neutral detergent fiber [36], however there is significant plant to plant 
variation, as noted above.  

Two limiting factors for including DDGS in swine diets are the high level of unsaturation in 
the dietary fatty acid profile and the high fiber content [28, 31]. As discussed above, the 
composition of these fat sources is important when considering the carcass fat firmness [21]. 
Dietary fiber has also shown beneficial effects in swine diets including reduction of gastric 
ulceration and restriction of pathogenic bacteria in the intestinal tract; however, when fiber 
content of the diet exceeds 7%, growth is inhibited [37]. The high level of fat and fiber in 
DDGS have been shown to result in both decreased feed intake and increased unsaturated 
content of adipose tissue. In a trial utilizing 0, 10, 20, and 30% DDGS in grow-finish diets, 
pigs fed 20 or 30% DDGS had decreased growth performance and increased IV when 
compared to control fed pigs [38]. Incorporation of 0, 20, or 40% DDGS in diets during the 
final 30 days of the finishing phase resulted in reduced percent lean in bacon and decreased 
carcass firmness (based on IV and saturation); however, no effect on growth performance 
was observed [39]. 

The future direction of DDGS as a feed ingredient will likely be defined by the final use in 
global energy needs and not how it might be valued as a feed ingredient; that is, DDGS still 
contains a considerable amount of oil, a highly valued potential energy source. Today, 
DDGS is well suited for non-ruminants in terms of energy and protein content, price, and 
availability; however, the high linoleic acid content known to alter fat quality must be 
considered when determining dietary inclusions. As refiners investigate new approaches to 
removing the oil and protein, which may be of more value extracted, the future product 
could resemble a more fiber-like product, which would have wide range implications on 
non-ruminant animals and likely reduce it’s future use in swine diets.  

3.3. Omega-3 and -6 fatty acids 

The levels of omega-3 and omega-6 fatty acids in the human diet are important for optimal 
health. Animals, including humans, lack the enzymes required to add double bonds 
between the methyl group and ninth carbon and therefore cannot synthesize omega-3 and -6 
fatty acids, making these fatty acids essential in the diet [22]. Fatty acids in the omega-6 
family, linoleic (LA; 18:2n-6) and arachidonic (AA; 20:4n-6), and those in the omega-3 
family, α-linolenic (ALA; 18:3n-3) and subsequently eicosapentaenoic acid (EPA; 20:5n-3) 
and docosahexaenoic acid (DHA; 22:6n-3), must be supplied in animal diets [16, 21, 22). The 
synthesis pathways of omega-3 and -6 fatty acids and the parallel omega-9 pathways are 
shown in Figure 3. The omega-3 and -6 pathways compete for the ∆5 and ∆6 desaturases 
though both enzymes preferentially catalyze the reactions of the omega-3 pathway [40, 41]. 
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Figure 3. Synthesis pathways for omega-3, -6, and -9 fatty acids in mammals. MUFA, monounsaturated 
fatty acid; HUFA, highly unsaturated fatty acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic 
acid [9]. 

The ideal ratio of omega-6 to omega-3 fatty acids in human diets is between 4 to 6:1, 
although the average American diet is between 10 to 30:1 [42]. The change in this ratio is due 
to the increase in omega-6 intake relative to the level of omega-3 fatty acids [41]. The need to 
increase dietary intake of omega-3 fatty acids, specifically EPA and DHA, has increased 
demand for products with a ratio of omega-6 to -3 fatty acids more closely related to 
American Heart Association (AHA) recommendations.  

The many health benefits of omega-3 fatty acids, such as lowering serum cholesterol and 
triacylglycerol concentrations, reduce platelet aggregation, reduction of blood pressure, and 
decreasing very-low-density and low-density lipoproteins, make dietary inclusion 
important [40]. The overall anti-inflammatory effects of omega-3 fatty acids have shown 
beneficial effects for arthritis and joint health in rats and humans [40]. Though it has not 
been directly studied in swine, omega-3 fatty acids could decrease the prevalence of 
lameness in sows if they result in the same joint and anti-inflammatory benefits noted in 
humans and rats. In Canada, 8-11% of sows culled were due to lameness [43] and in the 
United States lameness accounts for about 10% of culled sows during parity zero, one, and 
two or more, respectively [44]. Lameness results in the removal of sows at a younger age 
than other culling reasons, thus decreasing breeding herd productivity [44].  



 
Lipid Metabolism 218 

The nutritional value of DDGS for pigs is influenced by the processing procedure and 
production plant equipment and techniques [33, 34]. The nutrient profile of DDGS remains 
highly variable even within the same production site [30, 35]. The NRC published content 
for DDGS is 93% dry matter, 2.82 Mcal/kg metabolizable energy, 27.7% crude protein, 8.4% 
crude fat and 34.6% neutral detergent fiber [36], however there is significant plant to plant 
variation, as noted above.  

Two limiting factors for including DDGS in swine diets are the high level of unsaturation in 
the dietary fatty acid profile and the high fiber content [28, 31]. As discussed above, the 
composition of these fat sources is important when considering the carcass fat firmness [21]. 
Dietary fiber has also shown beneficial effects in swine diets including reduction of gastric 
ulceration and restriction of pathogenic bacteria in the intestinal tract; however, when fiber 
content of the diet exceeds 7%, growth is inhibited [37]. The high level of fat and fiber in 
DDGS have been shown to result in both decreased feed intake and increased unsaturated 
content of adipose tissue. In a trial utilizing 0, 10, 20, and 30% DDGS in grow-finish diets, 
pigs fed 20 or 30% DDGS had decreased growth performance and increased IV when 
compared to control fed pigs [38]. Incorporation of 0, 20, or 40% DDGS in diets during the 
final 30 days of the finishing phase resulted in reduced percent lean in bacon and decreased 
carcass firmness (based on IV and saturation); however, no effect on growth performance 
was observed [39]. 

The future direction of DDGS as a feed ingredient will likely be defined by the final use in 
global energy needs and not how it might be valued as a feed ingredient; that is, DDGS still 
contains a considerable amount of oil, a highly valued potential energy source. Today, 
DDGS is well suited for non-ruminants in terms of energy and protein content, price, and 
availability; however, the high linoleic acid content known to alter fat quality must be 
considered when determining dietary inclusions. As refiners investigate new approaches to 
removing the oil and protein, which may be of more value extracted, the future product 
could resemble a more fiber-like product, which would have wide range implications on 
non-ruminant animals and likely reduce it’s future use in swine diets.  

3.3. Omega-3 and -6 fatty acids 

The levels of omega-3 and omega-6 fatty acids in the human diet are important for optimal 
health. Animals, including humans, lack the enzymes required to add double bonds 
between the methyl group and ninth carbon and therefore cannot synthesize omega-3 and -6 
fatty acids, making these fatty acids essential in the diet [22]. Fatty acids in the omega-6 
family, linoleic (LA; 18:2n-6) and arachidonic (AA; 20:4n-6), and those in the omega-3 
family, α-linolenic (ALA; 18:3n-3) and subsequently eicosapentaenoic acid (EPA; 20:5n-3) 
and docosahexaenoic acid (DHA; 22:6n-3), must be supplied in animal diets [16, 21, 22). The 
synthesis pathways of omega-3 and -6 fatty acids and the parallel omega-9 pathways are 
shown in Figure 3. The omega-3 and -6 pathways compete for the ∆5 and ∆6 desaturases 
though both enzymes preferentially catalyze the reactions of the omega-3 pathway [40, 41]. 

 
Impacts of Nutrition and Environmental Stressors on Lipid Metabolism 219 

 
Figure 3. Synthesis pathways for omega-3, -6, and -9 fatty acids in mammals. MUFA, monounsaturated 
fatty acid; HUFA, highly unsaturated fatty acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic 
acid [9]. 

The ideal ratio of omega-6 to omega-3 fatty acids in human diets is between 4 to 6:1, 
although the average American diet is between 10 to 30:1 [42]. The change in this ratio is due 
to the increase in omega-6 intake relative to the level of omega-3 fatty acids [41]. The need to 
increase dietary intake of omega-3 fatty acids, specifically EPA and DHA, has increased 
demand for products with a ratio of omega-6 to -3 fatty acids more closely related to 
American Heart Association (AHA) recommendations.  

The many health benefits of omega-3 fatty acids, such as lowering serum cholesterol and 
triacylglycerol concentrations, reduce platelet aggregation, reduction of blood pressure, and 
decreasing very-low-density and low-density lipoproteins, make dietary inclusion 
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than other culling reasons, thus decreasing breeding herd productivity [44].  
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Omega-6 fatty acids are the precursors of eicosanoids which include prostaglandins, 
thromboxanes and leukotrienes. These metabolites of n-6 fatty acids exhibit inflammatory 
effects [45]. Omega-3 fatty acids inhibit eicosanoid synthesis by decreasing the available 
arachidonic acid available for eicosanoid production [18, 45]. In addition to decreasing 
eicosanoid production, omega-3 fatty acids also decrease other inflammatory cytokines such 
as interleukin-1 and -6, and tumour necrosis factor [18, 45].  

3.4. Conjugated linoleic acid 

Conjugated linoleic acids (CLA) are a group of polyunsaturated fatty acids that are 
positional and geometric isomers of linoleic acid (C18:2). Because CLA and its precursor, 
trans vaccenic acid, are naturally produced during bacterial fermentation in the rumen of 
ruminant animals, the main sources of CLA in human nutrition are ruminant milk and 
meats [46, 47]. The main isomers of CLA are cis-9, trans-11(c9t11) and trans-10, cis-12 (t10c12; 
Figure 4). Though the main isomer produced by ruminants is c9t11, commercially available 
products commonly contain equal proportions of c9t11 and t10c12 [46, 47]. Research in 
rodents, pigs, and humans has been conducted on the effects of CLA and has shown 
beneficial effects of CLA against obesity, cancer, atherosclerosis, and diabetes, some of 
which are isomer specific [46, 47, 48].  

 
Figure 4. Structure of linoleic acid compared with cis-9, trans-11 and trans-10, cis-12 conjugated linoleic 
acid (CLA). 

Many studies have shown CLA mixtures are able to reduce adipose tissue depots in rodents, 
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feed has resulted in decreased backfat thickness at finishing [50, 51]. Overweight or obese 
humans supplemented with CLA for 12 weeks also demonstrated reduced body fat mass, 
although their body mass index remained unchanged [52].   

Another noted effect of CLA is the inhibition of cancer, specifically, mammary, prostate, 
skin, colon, and stomach cancers [48]. The anti-carcinogenic effects of CLA have been 
mainly attributed to the c9t11 isomer [46]. In studies of mammary and prostate cancer cell 
lines, feeding 1% CLA significantly reduced growth of the cancerous cells. Other studies of 
the same cell lines have not demonstrated these effects of CLA [48].  

Linoleic Acid, 18:2 n-6

CLA, 18:2 c-9, t-11

CLA, 18:2 t-10, c-12

COOH

COOH

COOH

 
Impacts of Nutrition and Environmental Stressors on Lipid Metabolism 221 

Atherosclerotic plaque formation is reduced by CLA [48]. Inclusion of 0.5 g/day in 
hypercholesterolemic diets fed to rabbits for 12 weeks resulted in significantly reduced 
serum triacylglycerols, low density lipoprotein (LDL) cholesterol levels and atherosclerotic 
plaque formation in the aorta [53]. The reduction of plaque deposits by CLA was proposed 
to be due to changes in LDL oxidative susceptibility [48].  

Effects of CLA on the onset of diabetes and insulin resistance are inconsistant. Rats fed CLA 
have shown significantly reduced fasting glucose, insulinemia, triglyceridemia, free fatty 
acids, and leptinemia [48]. Butter enriched with c9t11 CLA failed to reduce glucose 
tolerance, lower adipose tissue or enhance glucose uptake leading to the conclusion that 
perhaps it is the t10c12 isomer which is responsible for the antidiabetogenic responses [48]. 
Insulin tolerance testing on CLA-fed mice showed marked insulin resistance without 
changes to blood glucose concentrations after oral glucose tolerance testing [54]. Other 
studies have examined the reduction of plasma leptin by CLA and the concomitant changes 
in blood glucose level due to regulation by leptin [46]. Feeding male mice high-fat diets with 
1% CLA has resulted in reduced plasma leptin levels in one study [55] while resulting in no 
change in plasma leptin or glucose levels in another [56].  

3.4.1. Feeding CLA to pigs 

The effects of feeding CLA to pigs have been evaluated in regard to fat quality [57]. Gilts fed 
1% CLA for seven weeks had firmer bellies, higher levels of saturated fatty acids, lower 
levels of unsaturated fatty acids and decreased IV when compared to controls [58]. Barrows 
fed CLA had improved feed efficiency, decreased backfat, and improved loin marbling and 
firmness when CLA was included at 0.75% of grow-finish diets [51]. When CLA was fed to 
genetically lean gilts for eight weeks, an increase in average daily gain and gain:feed was 
observed [59]. The same study also noted an increase in saturated fatty acids, decrease in 
unsaturated fatty acids, and an increased level of saturation of the belly tissue [59]. Several 
studies have shown that CLA feeding increases fatty acid saturation, and firmness in back 
fat and belly fat [60, 61, 62]. Additionally, use of CLA when feeding by-products may 
alleviate some or all of the negative impact on carcass quality. When feeding 0, 20, or 40% 
DDGS during the final 30 days of the finishing period, the addition of 0.6% CLA minimized 
the negative impact of 20% DDGS inclusion on carcass lipid quality but was unable to 
overcome the negative effects of feeding 40% DDGS [63]. 

3.4.2. Mechanism of CLA to alter lipid metabolism 

Dietary CLA in several species alters the activity of SCD-1, FAS, and ACC in adipose and 
liver. Conjugated linoleic acids decrease mRNA for FAS and ACC to significantly inhibit the 
capacity for de novo lipogenesis [47, 60]. In barrows and gilts fed 0.25 or 0.5% CLA for the 
finishing diet from 97 to 172 kg, ACC activity was significantly reduced compared to control 
pigs [64]. Alleviation of negative impacts of nutritional stress of lipid quality, such as during 
DDGS feeding, is likely through altered lipid metabolism as adipose mRNA expression of 
ACC was decreased with CLA supplementation with all inclusion levels of DDGS [39]. 
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Atherosclerotic plaque formation is reduced by CLA [48]. Inclusion of 0.5 g/day in 
hypercholesterolemic diets fed to rabbits for 12 weeks resulted in significantly reduced 
serum triacylglycerols, low density lipoprotein (LDL) cholesterol levels and atherosclerotic 
plaque formation in the aorta [53]. The reduction of plaque deposits by CLA was proposed 
to be due to changes in LDL oxidative susceptibility [48].  

Effects of CLA on the onset of diabetes and insulin resistance are inconsistant. Rats fed CLA 
have shown significantly reduced fasting glucose, insulinemia, triglyceridemia, free fatty 
acids, and leptinemia [48]. Butter enriched with c9t11 CLA failed to reduce glucose 
tolerance, lower adipose tissue or enhance glucose uptake leading to the conclusion that 
perhaps it is the t10c12 isomer which is responsible for the antidiabetogenic responses [48]. 
Insulin tolerance testing on CLA-fed mice showed marked insulin resistance without 
changes to blood glucose concentrations after oral glucose tolerance testing [54]. Other 
studies have examined the reduction of plasma leptin by CLA and the concomitant changes 
in blood glucose level due to regulation by leptin [46]. Feeding male mice high-fat diets with 
1% CLA has resulted in reduced plasma leptin levels in one study [55] while resulting in no 
change in plasma leptin or glucose levels in another [56].  

3.4.1. Feeding CLA to pigs 

The effects of feeding CLA to pigs have been evaluated in regard to fat quality [57]. Gilts fed 
1% CLA for seven weeks had firmer bellies, higher levels of saturated fatty acids, lower 
levels of unsaturated fatty acids and decreased IV when compared to controls [58]. Barrows 
fed CLA had improved feed efficiency, decreased backfat, and improved loin marbling and 
firmness when CLA was included at 0.75% of grow-finish diets [51]. When CLA was fed to 
genetically lean gilts for eight weeks, an increase in average daily gain and gain:feed was 
observed [59]. The same study also noted an increase in saturated fatty acids, decrease in 
unsaturated fatty acids, and an increased level of saturation of the belly tissue [59]. Several 
studies have shown that CLA feeding increases fatty acid saturation, and firmness in back 
fat and belly fat [60, 61, 62]. Additionally, use of CLA when feeding by-products may 
alleviate some or all of the negative impact on carcass quality. When feeding 0, 20, or 40% 
DDGS during the final 30 days of the finishing period, the addition of 0.6% CLA minimized 
the negative impact of 20% DDGS inclusion on carcass lipid quality but was unable to 
overcome the negative effects of feeding 40% DDGS [63]. 

3.4.2. Mechanism of CLA to alter lipid metabolism 

Dietary CLA in several species alters the activity of SCD-1, FAS, and ACC in adipose and 
liver. Conjugated linoleic acids decrease mRNA for FAS and ACC to significantly inhibit the 
capacity for de novo lipogenesis [47, 60]. In barrows and gilts fed 0.25 or 0.5% CLA for the 
finishing diet from 97 to 172 kg, ACC activity was significantly reduced compared to control 
pigs [64]. Alleviation of negative impacts of nutritional stress of lipid quality, such as during 
DDGS feeding, is likely through altered lipid metabolism as adipose mRNA expression of 
ACC was decreased with CLA supplementation with all inclusion levels of DDGS [39]. 
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Reductions in SCD-1 expression were observed with CLA feeding in both mouse liver and 
cultured preadipocytes [48]. Previous studies indicate that CLA tends to decrease both SCD-
1 [65] and decreases the ∆9 desaturase index in pigs [65, 66]. Decreasing SCD-1 mRNA 
expression, and thereby decreasing the amount of saturated fatty acids being converted to 
unsaturated fatty acids, may be responsible for the increased levels of saturated fatty acids 
observed after feeding CLA [65, 66].  

The c10 t12 isomer of CLA decreases the expression of PPARγ in adipose tissue and 
increases the expression of PPARα in liver tissue [67, 68, 69]. By acting as a PPARγ 
modulator, CLA is able to prevent lipid accumulation as shown in cultured adipocytes [70]. 
Conjugated linoleic acid also acts as a PPARα activator and induces accumulation of PPAR-
responsive mRNAs in hepatic cells [67] serving to upregulate PPAR-responsive pathways.  

4. Environmental stressors 
Environmental stressors on pigs can impact lipid metabolism and overall carcass quality. 
Impacts of environmental stressors, including thermal stress and housing density, are 
through both direct effects of decreased growth efficiency and indirect effects of altered 
regulation of de novo lipogenesis. Managerial and nutritional strategies during critical 
growth periods may alleviate the impact of these environmental stressors. Additionally, the 
regulation of de novo lipogenesis is influenced by the health status of the animal. Insults to 
health through disease or constant stress decrease feed intake and reduce de novo lipid 
synthesis. This decrease in de novo synthesis shifts the ratios of fatty acids in the adipose 
tissue to more unsaturated FA, further reducing lipid quality. 

4.1. Spatial allocation, growth, and carcass composition 

Decreasing space allocation reduces growth performance and the minimal spatial 
requirements for grow-finish pigs have been examined [36, 71]. Housing densities between 
0.76 and 0.93 m2/pig have been reported as the threshold for grow-finish swine, below 
which ADG and ADFI are reduced [71].  

Stress from spatial allocation is not a simple reflection of floor space, it is also reflective of 
pen dimensions, size, location of feeders and waters, and size of the pigs. One allometric 
calculation for spatial allocation is f = k x BW.667 (f = floor allowance, m2; k = coefficient of 
housing area; BW = body weight, kg) which accounts for the relationship between body 
weight and surface area [71]. In a study using this approach, housing densities of 0.578, 
0.761 and 0.942 m2/pig corresponding to housing area coefficients of 0.030, 0.039 and 0.048, 
respectively; resulted in decreased ADG and ADFI in pigs housed at floor area allowances 
with coefficients between 0.030 and 0.039 [71]. These results were within in the range of 
other reported housing threshold values [71].  

4.2. Heat stress, pork quality and animal growth 

The thermal neutral zone of a mammal is the range of ambient temperatures within which 
the animal can control its core body temperature without elevating its metabolic rate [72]. 
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Within the thermoneutral zone of mammals, core body temperature is maintained without 
expending additional energy to warm or cool basal body temperature [72, 73]. If the 
environmental conditions are below this zone, additional energy of metabolism is devoted 
to generating heat to maintain the desired core temperature [72]. Conversely, at 
temperatures above this zone, the animal must dissipate energy to maintain core body 
temperature through additional heat loss mechanisms such as evaporative heat loss, 
convection, and conduction [72]. When environmental temperature rises above the point 
where heat production and heat loss are balanced, the animal is in a state of heat stress [74]. 
In swine, evaporative heat loss is limited due to their inability to sweat; therefore, heat loss 
is primarily by respiration, evaporation, and exposure to cool air and wet surfaces for 
convection and conduction, respectively [72, 73, 75]. As an adaptive mechanism to further 
cool the body and maintain a homeothermic temperature, the animal decreases feed intake 
in order to decrease the thermal effect of feeding [74].  

The optimum temperature for a finishing pig between 54.5 and 118.2 kg of body weight is 
18.3°C, with a desirable temperature range between 10°C to 23.9°C [76]. The heat stress 
index (HSI; Figure 5), published by Iowa State University [77], is a practical guideline 
outlining temperature and humidity ranges for growing pigs. The HSI classifies 
environmental temperature and humidity conditions into three zones: alert, danger, and 
emergency. Within the alert range, producers are advised to monitor animal behavior, 
increase ventilation, and ensure that water is readily available. The danger range requires 
additional cooling by spraying or misting with water and increasing air flow. Under 
emergency conditions, producers are advised to avoid transporting animals, withdraw feed 
during the hottest part of the day, and reduce light levels. For example, when relative 
humidity is between 45 and 60%, 25.6°C is the alert threshold, 27.2°C is the danger threshold 
and 30°C is the emergency threshold. 

For grow-finish swine, housing temperatures above 23.9°C decrease voluntary feed intake 
and growth rate compared to optimum housing temperatures [76, 78]. Voluntary decreases 
in feed intake decrease metabolic heat production to help maintain homeothermy [79]. Pigs 
challenged with heat-stress will have decreased feed consumption and average daily gain; 
however, feed efficiency is maintained when compared to control animals [80].  

Nienaber et al. [81] noted that elevated temperature decreased daily feed consumption in 
both cattle and swine, through decreases in meal size and frequency. Feed intake was 
reduced by 55 g per degree of temperature increase above 22ºC [82]. A similar decrease in 
feed intake observed by Collin et al. [75] was coupled to reductions in thermic effect of 
feeding and heat production.  

Humidity is also influential in the animal’s ability to dissipate heat by evaporative heat loss 
[74]. In a study comparing 50, 65, and 80% humidity levels, respiration rate and rectal 
temperatures were increased at lower temperatures and 80% humidity compared to when 
humidity was 50 and 65% [74]. Increasing environmental humidity decreases the efficiency 
of evaporative cooling, resulting in symptoms of heat-stress occurring at lower 
temperatures.  
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Reductions in SCD-1 expression were observed with CLA feeding in both mouse liver and 
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Within the thermoneutral zone of mammals, core body temperature is maintained without 
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temperatures above this zone, the animal must dissipate energy to maintain core body 
temperature through additional heat loss mechanisms such as evaporative heat loss, 
convection, and conduction [72]. When environmental temperature rises above the point 
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emergency. Within the alert range, producers are advised to monitor animal behavior, 
increase ventilation, and ensure that water is readily available. The danger range requires 
additional cooling by spraying or misting with water and increasing air flow. Under 
emergency conditions, producers are advised to avoid transporting animals, withdraw feed 
during the hottest part of the day, and reduce light levels. For example, when relative 
humidity is between 45 and 60%, 25.6°C is the alert threshold, 27.2°C is the danger threshold 
and 30°C is the emergency threshold. 

For grow-finish swine, housing temperatures above 23.9°C decrease voluntary feed intake 
and growth rate compared to optimum housing temperatures [76, 78]. Voluntary decreases 
in feed intake decrease metabolic heat production to help maintain homeothermy [79]. Pigs 
challenged with heat-stress will have decreased feed consumption and average daily gain; 
however, feed efficiency is maintained when compared to control animals [80].  

Nienaber et al. [81] noted that elevated temperature decreased daily feed consumption in 
both cattle and swine, through decreases in meal size and frequency. Feed intake was 
reduced by 55 g per degree of temperature increase above 22ºC [82]. A similar decrease in 
feed intake observed by Collin et al. [75] was coupled to reductions in thermic effect of 
feeding and heat production.  

Humidity is also influential in the animal’s ability to dissipate heat by evaporative heat loss 
[74]. In a study comparing 50, 65, and 80% humidity levels, respiration rate and rectal 
temperatures were increased at lower temperatures and 80% humidity compared to when 
humidity was 50 and 65% [74]. Increasing environmental humidity decreases the efficiency 
of evaporative cooling, resulting in symptoms of heat-stress occurring at lower 
temperatures.  



 
Lipid Metabolism 224 

 
Figure 5. Heat Stress Index for Swine published by Iowa State University [77]. 

Physiological response to stressors, such as heat, results in the activation of the stress-
activated sympathetic nervous system and the release of catecholamines and glucocorticoids 
[83]. When animals are exposed to a stressor, the hypothalamus releases corticotrophin-
releasing hormone which stimulates adrenocorticotropin hormone (ACTH) from the pituitary 
gland [84]. The release of ACTH stimulates the adrenal cortex to release cortisol [84]. Cortisol 
regulates growth, immunity, and intermediary metabolism including gluconeogenesis, 
glycogen synthesis, and lipogenesis [7, 85]. The regulation of these processes by stress-
activated hormones is one source of altered metabolism during periods of stress that may 
contribute to changes in feed intake, weight gain, and carcass lipid quality.  

Decreases in acetyl-CoA-carboxylase and stearoyl-CoA-desaturase in adipose and liver 
tissues have been noted in heat-stressed pigs [79]. Kouba et al. [79] noted a decrease in acetyl-
CoA-carboxylase activity in heat-stressed pigs and a decrease in de novo fatty acid synthesis. 
Acetyl-CoA-carboxylase and stearoyl-CoA-desaturase catalyze the first step of the synthesis 
of fatty acids and the synthesis of monounsaturated fatty acids from saturated fatty acids, 
respectively, and therefore would be key points of potential change in lipid metabolism.  

Kouba et al. [86] noted 20-35 kg pigs maintained at 31°C compared to 20°C had slightly 
thicker backfat with a greater lipid content and an increase in lipoprotein lipase expression 
in backfat and an increase in VLDL-lipid concentration in heat-stressed pigs. The increase in 
fat thickness of heat-stressed pigs was thus attributed to increases in lipid metabolism in the 
liver, and in adipose tissue, noted through increased VLDL production and LPL activity, 
respectively. Increased lipid circulation between liver and adipose tissue is also part of the 
adaptation of pigs to high environmental temperatures [86]. 
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Interactions between environmental stressors can amplify or alleviate the impact of an 
individual stressor. Pigs challenged with increased temperature and decreased spatial 
allocation demonstrated that both temperature and spatial allocation affected growth 
performance and carcass quality [63]. Temperature stress decreased ADG, ADFI, and G:F 
ratios. Pigs housed at minimum required spatial allocation of 0.66 m2/pig [36] and high 
environmental temperatures (32.2°C) had a 50% reduction in ADFI and an 85% reduction in 
ADG when compared with pigs housed in their thermal neutral zone; when pigs were 
housed at increased spatial allocation (0.93 m2/pig) and a temperature above 23.9°C, there 
was a 29% reduction of ADFI and a 36% reduction in ADG. Additionally, the level of 
saturation in adipose tissue was decreased in heat stressed pigs; however, increasing the 
spatial allocation in the 32.2°C environment ameliorated these effects and increased the fatty 
acid saturation to match the 23.9°C-housed pigs. The effects of spatial allocation on carcass 
quality demonstrate that challenging pigs with elevated temperature and reduced spatial 
allocation decreased feed intake, as demonstrated in the literature [87], and also decreased 
carcass lipid firmness. These relationships demonstrate that almost 50% of the negative 
growth performance effects of temperature can be ameliorated by a 28% increase in spatial 
allocation. In addition, an increase in housing allocation during heat stress may ameliorate 
the negative effects of temperature on belly weight, carcass quality, and growth performance. 

5. Carcass quality 

5.1. Bacon quality 

The belly is the most expensive cut of the carcass, thus, the quality of bacon produced from 
the belly is linked to overall carcass value. Bacon is scored according to lean content and slice 
thickness to identify premium quality slices [88]. Premium slices have greater than 50% lean 
content and are wider than 1.9 cm at all points [88]. Accordingly, bacon slices are graded as 
either number one slices, number two slices, or as ends and pieces [88]. Pork bellies that are 
classified below standard based on these characteristics represent a decrease in carcass value.  

The swine industry has shifted to genetically lean lines with decreased backfat and thus, 
bellies of have become thinner, leaner, and softer [89, 90]. Thinner bellies are generally softer, 
produce fewer grade one slices, and present more problems with processing and storage [89, 
90]. Providing saturated fat in the diet of pigs increases belly thickness and improves belly 
firmness [90]. Likewise, feeding CLA improves belly firmness in finishing pigs [59, 90].  

5.2. Carcass lipid quality 

Many processors utilize IV as numerical evaluation of carcass fat quality and thus have 
target IV values. An IV greater than 65, for some processors may be unacceptably high [58], 
while an IV greater than 75 may be the threshold for other processors. Increased IV [29] and 
decreased saturated to unsaturated fatty acid ratios [21] indicate decreases in carcass quality 
due to decreased fat firmness. High levels of unsaturated fatty acids result in rapid 
oxidation which decreases shelf life [91]. Furthermore, high levels of unsaturated fatty acids 
in the diets also produce bacon which is smeary, separates and causes processing difficulties 
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Interactions between environmental stressors can amplify or alleviate the impact of an 
individual stressor. Pigs challenged with increased temperature and decreased spatial 
allocation demonstrated that both temperature and spatial allocation affected growth 
performance and carcass quality [63]. Temperature stress decreased ADG, ADFI, and G:F 
ratios. Pigs housed at minimum required spatial allocation of 0.66 m2/pig [36] and high 
environmental temperatures (32.2°C) had a 50% reduction in ADFI and an 85% reduction in 
ADG when compared with pigs housed in their thermal neutral zone; when pigs were 
housed at increased spatial allocation (0.93 m2/pig) and a temperature above 23.9°C, there 
was a 29% reduction of ADFI and a 36% reduction in ADG. Additionally, the level of 
saturation in adipose tissue was decreased in heat stressed pigs; however, increasing the 
spatial allocation in the 32.2°C environment ameliorated these effects and increased the fatty 
acid saturation to match the 23.9°C-housed pigs. The effects of spatial allocation on carcass 
quality demonstrate that challenging pigs with elevated temperature and reduced spatial 
allocation decreased feed intake, as demonstrated in the literature [87], and also decreased 
carcass lipid firmness. These relationships demonstrate that almost 50% of the negative 
growth performance effects of temperature can be ameliorated by a 28% increase in spatial 
allocation. In addition, an increase in housing allocation during heat stress may ameliorate 
the negative effects of temperature on belly weight, carcass quality, and growth performance. 

5. Carcass quality 

5.1. Bacon quality 

The belly is the most expensive cut of the carcass, thus, the quality of bacon produced from 
the belly is linked to overall carcass value. Bacon is scored according to lean content and slice 
thickness to identify premium quality slices [88]. Premium slices have greater than 50% lean 
content and are wider than 1.9 cm at all points [88]. Accordingly, bacon slices are graded as 
either number one slices, number two slices, or as ends and pieces [88]. Pork bellies that are 
classified below standard based on these characteristics represent a decrease in carcass value.  

The swine industry has shifted to genetically lean lines with decreased backfat and thus, 
bellies of have become thinner, leaner, and softer [89, 90]. Thinner bellies are generally softer, 
produce fewer grade one slices, and present more problems with processing and storage [89, 
90]. Providing saturated fat in the diet of pigs increases belly thickness and improves belly 
firmness [90]. Likewise, feeding CLA improves belly firmness in finishing pigs [59, 90].  

5.2. Carcass lipid quality 

Many processors utilize IV as numerical evaluation of carcass fat quality and thus have 
target IV values. An IV greater than 65, for some processors may be unacceptably high [58], 
while an IV greater than 75 may be the threshold for other processors. Increased IV [29] and 
decreased saturated to unsaturated fatty acid ratios [21] indicate decreases in carcass quality 
due to decreased fat firmness. High levels of unsaturated fatty acids result in rapid 
oxidation which decreases shelf life [91]. Furthermore, high levels of unsaturated fatty acids 
in the diets also produce bacon which is smeary, separates and causes processing difficulties 
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[88]. As discussed above, dietary fatty acid composition contributes to the carcass fatty acid 
composition; therefore, feeding more saturated dietary lipid sources will result in firmer 
carcass lipids with decreased IV [21]. 

5.3. Shelf-life of meat products 

Shelf-life is defined as the period of time between packaging of a product and its end use 
when product properties remain acceptable to the consumer [92]. Shelf-life properties may 
include appearance, texture, flavor, color, and nutritive value [93]. One of the major factors 
affecting the shelf-life of meat products is rancidity or lipid oxidation, which occurs when 
fatty acids react to oxygen sources in the environment [94]. Oxidation produces low 
molecular weight aldehydes, acids, and ketones that cause the meat to exhibit distinct odors 
and flavors, typically unacceptable to consumers [94]. The level of unsaturation greatly 
affects the susceptibility of fat to oxidation with high degrees of unsaturation resulting in 
rapid oxidation and subsequently decreased shelf-life [95]. 

6. Summary 

The fatty acid profiles of swine carcass lipids are reflective of dietary fatty acid composition 
and de novo lipogensis [21]. The level of unsaturation in dietary fat sources is mimicked in the 
carcass fatty acid profile, altering the lipid firmness by increasing the degree of unsaturation 
[21, 22]. Feed alternatives such as DDGS, which are high in PUFA, decrease carcass lipid 
firmness and bacon lean when fed to grow-finish pigs [38]. Conversely, feeding CLA 
positively impacts growth performance and carcass fat quality [57, 58]. Stress has also been 
shown to impact growth performance, and low spatial allocation and heat stress have an 
impact on the swine industry both by altering growth performance and carcass lipid firmness 
[36, 76]. Fatty acids synthesized de novo are products of pathways tightly regulated by rate-
limiting enzymes. Nutritional and hormonal regulators of the enzymes, which regulate these 
pathways, can alter rates in lipid synthesis, oxidation, and desaturation [5, 7, 13]. 

Environmental and nutritional stressors on pigs can impact lipid metabolism and carcass 
quality and thus alter final product quality and profitability. While the interactions of these 
stressors can additively worsen the impact on growth or lipid quality, understanding these 
interactions can also be used as a basis for managerial or nutritional interventions to 
alleviate the negative impact of unavoidable stressors. 
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1. Introduction 
Dietary fiber include fibers from natural sources (such as fruits, vegetables, and wholegrain 
cereals), fibers that are extracted or obtained by other means from food material, and 
synthetic carbohydrate polymers, that have been shown to possess physiological health 
benefits [1, 2]. Dietary fiber can be classified analytically as soluble and insoluble based on 
their solubility in water, but can also be characterized as viscous or non-viscous and 
fermentable or non-fermentable depending upon the physiological characteristics the fiber 
might have [2]. Insoluble dietary fiber includes cellulose, part of hemicellulose, and lignin, 
whereas soluble fibers include components such as pectin, some hemicelluloses, lignin, 
gums and mucilage [2, 3]. Whilst there have been difficulties in achieving a global definition 
for dietary fiber, it is now generally accepted that dietary fiber can be defined as 
carbohydrate polymers with a degree of polymerization of 3 or more monomeric units 
which are not hydrolysed in the small intestine by the endogenous enzymes [4]. As fiber is 
resistant to digestion and absorption in the human small intestine, it enters the colon where 
it can be partially or completely fermented [5].  

Polydextrose is a polysaccharide produced by the random polymerization of glucose in the 
presence of sorbitol and a suitable acid catalyst, at a high temperature and under partial 
vacuum [6]. Polydextrose is composed of a mixture of glucose oligomers, with an average 
degree of polymerization ~12, but ranging from residual monomer to dp >100 [6, 7]. It is a 
branched molecule, and contains all different combinations of α- and β-linked 12, 13, 
14 and 16 glycosidic linkages (Figure 1) [7, 8]. As polydextrose is only partially digested 
during gastrointestinal transit, it acts as a substrate for saccharolytic fermentation 
throughout the colon, even to the distal parts [9-12]. Polydextrose has a low caloric value: 
about 1 kcal/g, and it is widely used as a bulking agent and to replace the structure and 
texture of sucrose in low-calorie products by the food industry in confectionery applications, 
in pastry and bread, in dairy products, meat products, pasta and noodles, and in beverages 
[7, 13]. Polydextrose is widely accepted as a soluble fiber and has scientifically substantiated 
fiber characteristics, including increase in stool weight, decreased transit time, improved 
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stool consistency and ease of defecation, and reduced fecal pH [7]. It is safe to use, and well 
tolerated, with a mean laxative threshold of 90 g/day, or 50 g as a single bolus dose [14-16].  

 
Figure 1. Structure for the polydextrose. The letter R can be either hydrogen (H), sorbitol, sorbitol 
bridge, of more polydextrose. Polydextrose has highly branched complex three-dimensional structure 
with all different combinations of α- and β-linked 12, 13, 14 and 16 glycosidic linkages. 

Several beneficial effects have been linked to the consumption of polydextrose. 
Consumption of polydextrose promotes the growth of beneficial bifidobacteria and 
lactobacilli while preventing the growth of harmful ones, such as clostridia [17, 18]. It has 
been suggested to possess anti-inflammatory actions and to improve the signs of 
osteoarthritis in canines [19], to increase IgA amount in the rat cecum [20], to reduce cyclo-
oxygenase 2 expression in pigs distal colon, and to reduce lesions in rat colitis model [21]. 
Furthermore, it has been suggested to improve the absorption of magnesium, calcium [22-
25] and iron [26]. 

Soluble fiber, both viscous (e.g. gums, pectin and β-glucan) and non-viscous (e.g. 
polydextrose, resistant maltodextrin and inulin), has been suggested to have beneficial 
metabolic advantages. These include increasing satiety and reduction of body weight, 
control of postprandial glycemic and insulin responses, and hypocholesterolemic effects on 
serum lipid parameters [5, 27]. The inverse relationship of higher HDL to coronary artery 
disease risk has been recognized and is evident across numerous populations, and the 
increment of its relative amount over LDL has been generally accepted as a hallmark of 
better cardiovascular health [28]. Soluble fiber has been associated inversely with serum 
total and LDL cholesterol, while HDL cholesterol concentration has been reported to either 
slightly decrease or remain unchanged [29, 30]. This effect has been attributed as an effect of 
soluble viscous fibers, as insoluble fibers do not appear to affect serum cholesterol 
concentrations [31, 32]. The ability of soluble fibers to reduce serum triglyceride levels is also 
controversial, as in some studies an inverse association has been suggested, while in many 
studies no effect has been observed [29, 33]. Soluble viscous fibers have a characteristic of 
being hypocholesterolemic, reducing serum cholesterol by about 5-10 % for a 5-10 g dose in 
subjects with hypercholesterolemia, whereas insoluble fibers have not shown this effect [34].  
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2. Polydextrose studies in animals, human and in vitro: Contribution of 
polydextrose in lipid metabolism 

Polydextrose is a fermentable non-viscous fiber, and has been shown to exhibit lipid 
metabolism regulating effects [5]. Typically these effects have been associated with two 
physiochemical properties of soluble fibers: viscosity and fermentability. Viscous soluble 
fibers may work by slowing down gastric emptying and prevention of bile salt re-
absorption which would increase the secretion of bile acids and neutral sterols into feces and 
interruption of the enterohepatic circulation of bile acids [35, 36]. Soluble fiber can also 
decrease intestinal cholesterol absorption by affecting micelle formation and mobility [37, 
38], and reduce glycemic response leading to lower insulin stimulation and hepatic 
cholesterol synthesis [39]. Fibers can also promote satiety [40]. Additionally, colonic 
fermentation products of these fibers, short chain fatty acids (SCFAs), mainly propionate, 
have been shown to inhibit hepatic fatty acid synthesis [41]. Polydextrose has been reported 
to confer lipid modulating effects in human clinical intervention studies, as well as in animal 
studies. However, some of the characteristics of polydextrose are different to other soluble 
fibers, such as low viscosity, and sustained fermentation throughout the colon [11]. 

2.1. Polydextrose studies in animals 

The ability of polydextrose to modulate triglycerides, total, LDL, and HDL cholesterol has 
been studied in animals both in normal diets without additional lipid load or in diets in 
which lipids have been included as part of the normal diet. There is a clear difference 
between the types of studies, as the two studies without lipid load have not shown any 
effect on the blood lipid values. In a 6-week feeding study in normal rats with 5 % (w/w) 
inclusion of polydextrose no change in plasma triglycerides, total cholesterol, and HDL 
cholesterol or liver cholesterol, triglycerides and phospholipids was observed [42]. Another, 
15-day feeding trial with rats, did not show differences in serum total and free cholesterol, 
triacylglycerols, and phospholipids even though 3 % polydextrose was administered 
together with 3 % pectin or 3 % cellulose [43].  

However, in two other rat feeding studies in which polydextrose was accompanied with a 
lipid load, reduced lipid levels were reported. In one study rats were given two different 
dosages of corn oil, 10 % and 20 %, to represent a moderate or high fat diet, for 8 weeks, 
with or without 5 % polydextrose [44]. Rats in the polydextrose group showed decreased 
serum triglycerides as compared to a guar gum control in the high-fat diet, and increased 
levels of serum HDL cholesterol both in the moderate fat and high fat diet [44]. Serum total 
lipids and cholesterol remained at the level of the control [44]. One study has been done 
with gerbils: in the 4-week study the gerbils were fed with 0.15 % cholesterol with 30 % of 
the energy coming from fat and with inclusion of 6 % polydextrose [45]. Both liver and 
plasma total cholesterol as well as free and esterified cholesterol from liver decreased in the 
polydextrose group [45]. The effect was presumed by the authors to be related to the 
reduction of VLDL and LDL, since no change in HDL was observed [45]. In the same gerbil 
study, it was additionally investigated whether polydextrose can remove cholesterol from  
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Table 1. Polydextrose studies in relation to lipid metabolism done in animals. 
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endogenous pools by first artificially expanding the endogenous cholesterol pools of the 
gerbils with a preload of 0.4 % cholesterol for two weeks before 6 % polydextrose was fed 
for an additional three weeks. Polydextrose was shown to hasten the endogenous clearance 
of cholesterol pools, and to reduce liver and plasma total cholesterol, esterified cholesterol 
from liver and plasma HDL cholesterol [45].  

The acute response of polydextrose on serum lipid values has also been studied in rats, but 
together with lactitol [46]. Polydextrose was administered as a 28 % solution in a dose of 3 
ml/200 g of body weight in a solution also containing 26 % lactitol and a fat emulsion which 
was comparable to one in chocolate. The rats showed reduced serum triglyceride levels, and 
an increase in luminal triglyceride levels in the cecum after 150 minutes of ingestion of 
polydextrose, which would indicate that the combination of polydextrose and lactitol 
reduced either the level of fat absorption in the earlier part of small intestine or promoted 
the transit time of fat through the intestine [46]. No change in total, HDL, or LDL cholesterol 
were found in that study.  

These studies are summarised in Table 1. There is an indication from these studies that 
polydextrose can lower total cholesterol and has a tendency to lower LDL cholesterol and 
tendency to increase HDL cholesterol.  

2.2. Polydextrose lipid metabolism studies in clinical intervention studies 

Clinical intervention studies with polydextrose have been conducted either with healthy 
adults, with individuals having hypercholesterolemia or with individuals with impaired 
glucose tolerance.  

In a human study with normal healthy adults with no reported hypercholesterolemia a 
reduction in the amount of total HDL by administration of 15 g of polydextrose for two 
months with concomitant decrease in apolipoprotein A-I, which is the main component of 
the HDL cholesterol, has been observed [47]. Apolipoprotein B levels, found in all 
atherogenic apolipoprotein particles, and the LDL cholesterol levels itself had also a 
tendency to be reduced after the 2-month and 1-month intervention period, respectively 
[47]. In another study with healthy adults, administration of 10 g of polydextrose for 18 days 
was shown to decrease LDL cholesterol and total cholesterol values with no effect on HDL 
cholesterol or triglycerides [48]. There are also contradictory results with healthy humans, as 
administration of polydextrose in an amount from 4 to 12 g per day for 29 days did not 
affect triacylglycerol, or cholesterol [49]. However, in that study no data was shown, and in 
addition to which the cholesterol type measured was not specified.  

In hypercholesterolomic individuals, the effect of polydextrose has been studied in a 4-week 
study with administration of 15 g and 30 g polydextrose daily [45]. The study was quite 
small, with only 12 subjects participating, and each individual subject serving as a control 
for him/herself. In this study it was noted that 5 of the 6 individuals ingesting 30 g of 
polydextrose were in a separate responder group, and in this group the LDL cholesterol 
values declined significantly, and there was a tendency for reduced total cholesterol, but no 
change in HDL cholesterol. However, when all 6 individuals were studied together, no 
change compared to control was observed. 



 
Lipid Metabolism  236 

n.
a.

 n
ot

 a
va

ila
bl

e;
 d

 d
ay

s;
 w

 w
ee

ks
; m

 m
on

th
s;

 a
↓

↑
↓

↑
 re

du
ce

d;
 

 in
cr

ea
se

d;
 T

re
nd

 
 o

r T
re

nd
 o

nl
y 

a 
te

nd
en

cy
 fo

r r
ed

uc
ed

 o
r i

nc
re

as
ed

 v
al

ue
s 

w
er

e 
ob

se
rv

ed
; N

.C
. n

o 
ch

an
ge

 
a 
In

di
re

ct
 e

vi
de

nc
e,

 L
D

L 
an

d 
V

LD
L 

w
er

e 
no

t d
ir

ec
tly

 m
ea

su
re

d 
bu

t a
ut

ho
rs

 c
on

cl
ud

ed
 th

at
 a

s 
to

ta
l c

ho
le

st
er

ol
 d

ec
re

as
ed

 a
nd

 th
er

e 
w

as
 n

o 
ch

an
ge

 in
 H

D
L,

 th
en

 
pr

ef
er

en
tia

l t
ar

ge
t i

s 
th

en
 V

LD
L 

an
d/

or
 L

D
L.

 
b  0

.4
 %

 c
ho

le
st

er
ol

 a
dm

in
is

te
re

d 
to

 th
e 

ge
rb

ils
 2

 w
ee

ks
 p

ri
or

 th
e 

fe
ed

in
g 

w
ith

 p
ol

yd
ex

tr
os

e 
in

 o
rd

er
 to

 e
xp

an
d 

th
e 

en
do

ge
no

us
 c

ho
le

st
er

ol
 p

oo
ls

.  
c 
0.

4 
%

 c
ho

le
st

er
ol

 a
dm

in
is

te
re

d 
to

 th
e 

ge
rb

ils
 2

 w
ee

ks
 p

ri
or

 th
e 

fe
ed

in
g 

w
ith

 p
ol

yd
ex

tr
os

e 
in

 o
rd

er
 to

 e
xp

an
d 

th
e 

en
do

ge
no

us
 c

ho
le

st
er

ol
 p

oo
ls

. 

Table 1. Polydextrose studies in relation to lipid metabolism done in animals. 
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endogenous pools by first artificially expanding the endogenous cholesterol pools of the 
gerbils with a preload of 0.4 % cholesterol for two weeks before 6 % polydextrose was fed 
for an additional three weeks. Polydextrose was shown to hasten the endogenous clearance 
of cholesterol pools, and to reduce liver and plasma total cholesterol, esterified cholesterol 
from liver and plasma HDL cholesterol [45].  

The acute response of polydextrose on serum lipid values has also been studied in rats, but 
together with lactitol [46]. Polydextrose was administered as a 28 % solution in a dose of 3 
ml/200 g of body weight in a solution also containing 26 % lactitol and a fat emulsion which 
was comparable to one in chocolate. The rats showed reduced serum triglyceride levels, and 
an increase in luminal triglyceride levels in the cecum after 150 minutes of ingestion of 
polydextrose, which would indicate that the combination of polydextrose and lactitol 
reduced either the level of fat absorption in the earlier part of small intestine or promoted 
the transit time of fat through the intestine [46]. No change in total, HDL, or LDL cholesterol 
were found in that study.  

These studies are summarised in Table 1. There is an indication from these studies that 
polydextrose can lower total cholesterol and has a tendency to lower LDL cholesterol and 
tendency to increase HDL cholesterol.  

2.2. Polydextrose lipid metabolism studies in clinical intervention studies 

Clinical intervention studies with polydextrose have been conducted either with healthy 
adults, with individuals having hypercholesterolemia or with individuals with impaired 
glucose tolerance.  

In a human study with normal healthy adults with no reported hypercholesterolemia a 
reduction in the amount of total HDL by administration of 15 g of polydextrose for two 
months with concomitant decrease in apolipoprotein A-I, which is the main component of 
the HDL cholesterol, has been observed [47]. Apolipoprotein B levels, found in all 
atherogenic apolipoprotein particles, and the LDL cholesterol levels itself had also a 
tendency to be reduced after the 2-month and 1-month intervention period, respectively 
[47]. In another study with healthy adults, administration of 10 g of polydextrose for 18 days 
was shown to decrease LDL cholesterol and total cholesterol values with no effect on HDL 
cholesterol or triglycerides [48]. There are also contradictory results with healthy humans, as 
administration of polydextrose in an amount from 4 to 12 g per day for 29 days did not 
affect triacylglycerol, or cholesterol [49]. However, in that study no data was shown, and in 
addition to which the cholesterol type measured was not specified.  

In hypercholesterolomic individuals, the effect of polydextrose has been studied in a 4-week 
study with administration of 15 g and 30 g polydextrose daily [45]. The study was quite 
small, with only 12 subjects participating, and each individual subject serving as a control 
for him/herself. In this study it was noted that 5 of the 6 individuals ingesting 30 g of 
polydextrose were in a separate responder group, and in this group the LDL cholesterol 
values declined significantly, and there was a tendency for reduced total cholesterol, but no 
change in HDL cholesterol. However, when all 6 individuals were studied together, no 
change compared to control was observed. 
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In diabetic patients, diets containing high amounts of fiber have improved plasma lipid 
control [50, 51]. The effect of polydextrose on lipid values has been of interest in two studies 
with individuals showing abnormal glucose metabolism or type 2 diabetes. In subjects with 
impaired glucose metabolism, polydextrose administered for 12 weeks at 16 g/day has been 
observed to lower LDL cholesterol, increase HDL cholesterol and cause no change in 
triglycerides [52]. In this study, LDL cholesterol decreased also in the control group 
probably because of simultaneous nutrition consultation by a nutritionist [52]. In a 
combination study with 7 g polydextrose and 3 g oligofructose administered daily for 6 
weeks in adults with type 2 diabetes, a decrease in total cholesterol, triglycerides, VLDL 
cholesterol, and ratios of total cholesterol to HDL cholesterol, and LDL cholesterol to HDL 
cholesterol was observed, while HDL cholesterol increased [53].  

The acute effect of polydextrose has been studied in humans too, together with lactitol, in 
the triglyceride levels after consumption of 46 g of chocolate supplemented with 15.1 % of 
the weight with polydextrose. The intervention group had reduced serum triglycerides in 
comparison to control chocolate during the 150 minutes the triglycerides were measured 
from the blood [46]. During intense exercise, polydextrose has been shown to reduce the 
amount of free fatty acids in plasma [54]. In addition, an abstract has been published about 
ingestion of 12.5 g polydextrose during a hamburger meal observing a reduction in total 
postprandial hypertriglyceridemia by 25 % [55].  

2.2.1. Effect of polydextrose on different HDL subfractions 

HDL is highly heterogeneous, and subfractions of it can be identified on the basis of density, 
size, charge, and protein composition [56]. Different fractions of HDL can be identified by 
ultracentrifugation, gradient gel electrophoresis, and nuclear magnetic resonance (NMR) 
spectroscopy, and these different fractions could play diverse roles in protective function 
[56, 57]. It is thought that certain fractions of HDL cholesterol could be better predictors of 
cardiovascular diseases and its risk. However, controversy about the role of the different 
forms still exists, as in [58] and in [59] increased HDL2 and apoA-I levels were associated as 
protective against coronary heart disease. In other studies, in turn, such as in [60], and [61], 
the HDL3 has had a stronger inverse association with coronary heart disease. The early 
studies, however, more strongly indicate that reduced levels of HDL2 over HDL3 is 
associated more strongly to CVD risk [62].  

The different subfractions of HDL and the impact of ingestion of polydextrose on their 
distribution has been investigated in one study [47], and in this study HDL3 was increased 
during the 2-month intervention period and one month after finishing the study. At the 
same time, a reduced level of HDL2, apoA-I and LCAT activity was observed. In other 
studies with soluble fibers, such as with guar gum, no changes in HDL2 and HDL3 
subfractions or their ratio were observed [63, 64]. No difference between serum HDL2 and 
HDL3 cholesterol subfractions could be observed between high-fiber, consisting partially of 
soluble fiber from psyllium, and low-fiber diets [65] or with beta-glucan as an oat fiber 
extract [66]. In addition, lack of standardization among the analytical methods that are used 
to measure size distribution of different HDL2 and HDL3 subfractions may cause 
approximation of HDL subclass levels [67, 68]. 
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Table 2. Polydextrose clinical intervention studies in which lipid values have been measured. 
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In diabetic patients, diets containing high amounts of fiber have improved plasma lipid 
control [50, 51]. The effect of polydextrose on lipid values has been of interest in two studies 
with individuals showing abnormal glucose metabolism or type 2 diabetes. In subjects with 
impaired glucose metabolism, polydextrose administered for 12 weeks at 16 g/day has been 
observed to lower LDL cholesterol, increase HDL cholesterol and cause no change in 
triglycerides [52]. In this study, LDL cholesterol decreased also in the control group 
probably because of simultaneous nutrition consultation by a nutritionist [52]. In a 
combination study with 7 g polydextrose and 3 g oligofructose administered daily for 6 
weeks in adults with type 2 diabetes, a decrease in total cholesterol, triglycerides, VLDL 
cholesterol, and ratios of total cholesterol to HDL cholesterol, and LDL cholesterol to HDL 
cholesterol was observed, while HDL cholesterol increased [53].  

The acute effect of polydextrose has been studied in humans too, together with lactitol, in 
the triglyceride levels after consumption of 46 g of chocolate supplemented with 15.1 % of 
the weight with polydextrose. The intervention group had reduced serum triglycerides in 
comparison to control chocolate during the 150 minutes the triglycerides were measured 
from the blood [46]. During intense exercise, polydextrose has been shown to reduce the 
amount of free fatty acids in plasma [54]. In addition, an abstract has been published about 
ingestion of 12.5 g polydextrose during a hamburger meal observing a reduction in total 
postprandial hypertriglyceridemia by 25 % [55].  

2.2.1. Effect of polydextrose on different HDL subfractions 

HDL is highly heterogeneous, and subfractions of it can be identified on the basis of density, 
size, charge, and protein composition [56]. Different fractions of HDL can be identified by 
ultracentrifugation, gradient gel electrophoresis, and nuclear magnetic resonance (NMR) 
spectroscopy, and these different fractions could play diverse roles in protective function 
[56, 57]. It is thought that certain fractions of HDL cholesterol could be better predictors of 
cardiovascular diseases and its risk. However, controversy about the role of the different 
forms still exists, as in [58] and in [59] increased HDL2 and apoA-I levels were associated as 
protective against coronary heart disease. In other studies, in turn, such as in [60], and [61], 
the HDL3 has had a stronger inverse association with coronary heart disease. The early 
studies, however, more strongly indicate that reduced levels of HDL2 over HDL3 is 
associated more strongly to CVD risk [62].  

The different subfractions of HDL and the impact of ingestion of polydextrose on their 
distribution has been investigated in one study [47], and in this study HDL3 was increased 
during the 2-month intervention period and one month after finishing the study. At the 
same time, a reduced level of HDL2, apoA-I and LCAT activity was observed. In other 
studies with soluble fibers, such as with guar gum, no changes in HDL2 and HDL3 
subfractions or their ratio were observed [63, 64]. No difference between serum HDL2 and 
HDL3 cholesterol subfractions could be observed between high-fiber, consisting partially of 
soluble fiber from psyllium, and low-fiber diets [65] or with beta-glucan as an oat fiber 
extract [66]. In addition, lack of standardization among the analytical methods that are used 
to measure size distribution of different HDL2 and HDL3 subfractions may cause 
approximation of HDL subclass levels [67, 68]. 
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Table 2. Polydextrose clinical intervention studies in which lipid values have been measured. 
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Table 2 summarizes the different human clinical intervention studies done with 
polydextrose in relation to HDL, LDL, total cholesterol and triglycerides. From these studies 
it can be concluded that polydextrose in the diet can lower serum total and LDL cholesterol 
and triglycerides. There are two studies in which definite increases in HDL have been 
observed. 

3. Mechanisms for polydextrose action on lipid values 

3.1. Role of polydextrose in enterohepatic bile circulation and in cholesterol 
absorption  

One of the mechanisms by which soluble viscous fibers induce hypocholesterolemic 
responses is the disruption of enterohepatic bile acid circulation, which reduces absorption 
of intestinal bile acids. The major route by which cholesterol in the liver is eliminated is 
through the de novo synthesis of primary bile acids from cholesterol [70]. The bile is 
released into the small intestine, where bile salt micelles help in the solubilisation of 
lipophilic components, such as cholesterol, fat soluble vitamins, and other lipids [70]. The 
diffusion of the micelles with solubilised components as well as the biliary and dietary 
cholesterol across the unstirred water layer, covering the luminal side of the enterocytes 
facilitate the uptake of cholesterol and other lipophilic components by the enterocytes [71]. 
When the bile salt micelles have accomplished their role they transit the remainder of small 
and large intestine where they are progressively absorbed into the enterohepatic circulation 
by the hepatic portal vein [70]. The bile salts that escape the intestinal absorption are 
transformed through colonic bacterial enzymatic activity to form secondary bile salts, from 
which deoxycholic acid is absorbed passively through colonic epithelium into the 
enterohepatic circulation, while lithocholic acid is secreted into the feces [72]. The amount of 
bile salts, both primary and secondary, is maintained in a rather constant level, and the daily 
bile salt losses are compensated by de novo hepatic biosynthesis [73]. The enterohepatic 
circulation is very efficient, as 95 % of the bile salts released into the intestine is absorbed 
back to the liver [70].  

The presence of viscous soluble fiber has been shown to prevent bile salt reabsorption, 
which leads to enhanced excretion of bile salts into feces [35, 36]. This depletes the bile acids 
from liver and leads to rapid catabolisation of cholesterol through activation of 7alpha-
hydroxylase. At the same time cholesteryl esters are metabolised, and in order to replace 
these production of LDL surface membrane receptors and concomitant LDL cholesterol 
uptake from blood stream are increased. This leads to lowering of the blood cholesterol 
concentration [74]. The fibers presumably interact with bile acids directly at the molecular 
level or entrap bile salt micelles in the gelatinous network formed by the polymeric fiber [35, 
75]. The fiber can also form a barrier which can prevent the formation of bile acid micelles, 
and increase the unstirred water layer lining the intestinal mucosal surface [76].  

Polydextrose is a non-viscous fiber and its capacity to bind bile salts has been studied in one 
clinical intervention study [77]. In this study, administration of polydextrose in healthy 
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adults at 8 g/day for three weeks was not found to increase fecal excretion of total bile acids 
and secondary bile acids, but rather decreased values were observed during the intervention 
period compared to the run-in period before [77]. A similar observation was made in normal 
rats, in which administration of 5 % polydextrose for 6 weeks did not increase the fecal 
output of bile acids [42]. The low ability of polydextrose to bind bile acids is not, however, 
surprising. In order for a fiber to bind bile acids, it is required to be viscous in nature, and 
polydextrose is lower in viscosity for instance in comparison to pectin and guar gum which 
have high water binding capacity with higher viscosity and thus increased capability to bind 
bile acids [42, 78]. Polydextrose has a high capacity to bind water, and it can for instance 
relieve constipation presumably due to this characteristic, but there is no gel formation by 
polydextrose in water and little viscosity [43, 79, 80].  

Even though no clear effect on bile acid binding can be detected, the fact that cholesterol and 
triglyceride absorption can still be modulated, are indications that polydextrose can retard 
the transportation of lipids from the intestinal lumen to the lymph. When polydextrose was 
infused as 5 % and 10 % to duodenum together with cholesterol and triglyceride on 
mesenteric lymph-fistulated rats, the amount of cholesterol and triglycerides in the lymph 
decreased dose-dependently, and concomitantly the amount of the unabsorbed lipids 
increased in the lumen of the intestine [81]. It was concluded that since most of the luminal 
triglyceride and cholesterol was detected in the proximal part of the small intestine, the 
absorption of the lipids was inhibited. There was a tendency to have increased amount of 
cholesterol and a significant increase of triglycerides remaining in the colon which could 
indicate that some of the lipids were not absorbed [81]. However, polydextrose did not seem 
to increase secretion of cholesterol into feces in rats even though some tendency was 
observed in another study [82]. 

In an acute response study of polydextrose in combination with lactitol in rats with  
lipid load similar to the composition of chocolate an increase in luminal triglyceride in the 
cecum was observed with concomitant decrease in serum triglycerides [46]. This would 
indicate that the combination of polydextrose and lactitol reduced either the level of fat 
absorption in the earlier part of small intestine or promoted the transit time of fat through 
the intestine [46].  

Cholesterol that escapes absorption is partially degraded to coprostanol and coprostanone 
by colon microbes [83]. A decrease of the degradation products coprostanol, coprostanon 
and cholestanol has been observed [77] which would indicate that the amount of cholesterol 
entering the colon is less in humans receiving polydextrose.  

3.2. Role of polydextrose on intestinal microbiota and its impact on cholesterol 
metabolism 

When soluble fiber enters the large intestine, it is fermented by the residual microbes 
forming short-chain fatty acids (SCFAs), butyrate, acetate, and propionate, end-products of 
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Table 2 summarizes the different human clinical intervention studies done with 
polydextrose in relation to HDL, LDL, total cholesterol and triglycerides. From these studies 
it can be concluded that polydextrose in the diet can lower serum total and LDL cholesterol 
and triglycerides. There are two studies in which definite increases in HDL have been 
observed. 

3. Mechanisms for polydextrose action on lipid values 

3.1. Role of polydextrose in enterohepatic bile circulation and in cholesterol 
absorption  

One of the mechanisms by which soluble viscous fibers induce hypocholesterolemic 
responses is the disruption of enterohepatic bile acid circulation, which reduces absorption 
of intestinal bile acids. The major route by which cholesterol in the liver is eliminated is 
through the de novo synthesis of primary bile acids from cholesterol [70]. The bile is 
released into the small intestine, where bile salt micelles help in the solubilisation of 
lipophilic components, such as cholesterol, fat soluble vitamins, and other lipids [70]. The 
diffusion of the micelles with solubilised components as well as the biliary and dietary 
cholesterol across the unstirred water layer, covering the luminal side of the enterocytes 
facilitate the uptake of cholesterol and other lipophilic components by the enterocytes [71]. 
When the bile salt micelles have accomplished their role they transit the remainder of small 
and large intestine where they are progressively absorbed into the enterohepatic circulation 
by the hepatic portal vein [70]. The bile salts that escape the intestinal absorption are 
transformed through colonic bacterial enzymatic activity to form secondary bile salts, from 
which deoxycholic acid is absorbed passively through colonic epithelium into the 
enterohepatic circulation, while lithocholic acid is secreted into the feces [72]. The amount of 
bile salts, both primary and secondary, is maintained in a rather constant level, and the daily 
bile salt losses are compensated by de novo hepatic biosynthesis [73]. The enterohepatic 
circulation is very efficient, as 95 % of the bile salts released into the intestine is absorbed 
back to the liver [70].  

The presence of viscous soluble fiber has been shown to prevent bile salt reabsorption, 
which leads to enhanced excretion of bile salts into feces [35, 36]. This depletes the bile acids 
from liver and leads to rapid catabolisation of cholesterol through activation of 7alpha-
hydroxylase. At the same time cholesteryl esters are metabolised, and in order to replace 
these production of LDL surface membrane receptors and concomitant LDL cholesterol 
uptake from blood stream are increased. This leads to lowering of the blood cholesterol 
concentration [74]. The fibers presumably interact with bile acids directly at the molecular 
level or entrap bile salt micelles in the gelatinous network formed by the polymeric fiber [35, 
75]. The fiber can also form a barrier which can prevent the formation of bile acid micelles, 
and increase the unstirred water layer lining the intestinal mucosal surface [76].  

Polydextrose is a non-viscous fiber and its capacity to bind bile salts has been studied in one 
clinical intervention study [77]. In this study, administration of polydextrose in healthy 
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adults at 8 g/day for three weeks was not found to increase fecal excretion of total bile acids 
and secondary bile acids, but rather decreased values were observed during the intervention 
period compared to the run-in period before [77]. A similar observation was made in normal 
rats, in which administration of 5 % polydextrose for 6 weeks did not increase the fecal 
output of bile acids [42]. The low ability of polydextrose to bind bile acids is not, however, 
surprising. In order for a fiber to bind bile acids, it is required to be viscous in nature, and 
polydextrose is lower in viscosity for instance in comparison to pectin and guar gum which 
have high water binding capacity with higher viscosity and thus increased capability to bind 
bile acids [42, 78]. Polydextrose has a high capacity to bind water, and it can for instance 
relieve constipation presumably due to this characteristic, but there is no gel formation by 
polydextrose in water and little viscosity [43, 79, 80].  

Even though no clear effect on bile acid binding can be detected, the fact that cholesterol and 
triglyceride absorption can still be modulated, are indications that polydextrose can retard 
the transportation of lipids from the intestinal lumen to the lymph. When polydextrose was 
infused as 5 % and 10 % to duodenum together with cholesterol and triglyceride on 
mesenteric lymph-fistulated rats, the amount of cholesterol and triglycerides in the lymph 
decreased dose-dependently, and concomitantly the amount of the unabsorbed lipids 
increased in the lumen of the intestine [81]. It was concluded that since most of the luminal 
triglyceride and cholesterol was detected in the proximal part of the small intestine, the 
absorption of the lipids was inhibited. There was a tendency to have increased amount of 
cholesterol and a significant increase of triglycerides remaining in the colon which could 
indicate that some of the lipids were not absorbed [81]. However, polydextrose did not seem 
to increase secretion of cholesterol into feces in rats even though some tendency was 
observed in another study [82]. 

In an acute response study of polydextrose in combination with lactitol in rats with  
lipid load similar to the composition of chocolate an increase in luminal triglyceride in the 
cecum was observed with concomitant decrease in serum triglycerides [46]. This would 
indicate that the combination of polydextrose and lactitol reduced either the level of fat 
absorption in the earlier part of small intestine or promoted the transit time of fat through 
the intestine [46].  

Cholesterol that escapes absorption is partially degraded to coprostanol and coprostanone 
by colon microbes [83]. A decrease of the degradation products coprostanol, coprostanon 
and cholestanol has been observed [77] which would indicate that the amount of cholesterol 
entering the colon is less in humans receiving polydextrose.  

3.2. Role of polydextrose on intestinal microbiota and its impact on cholesterol 
metabolism 

When soluble fiber enters the large intestine, it is fermented by the residual microbes 
forming short-chain fatty acids (SCFAs), butyrate, acetate, and propionate, end-products of 
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bacterial carbohydrate fermentation. The SCFAs have been indicated to possess different 
physiological functions. Butyrate has been implicated to be the most important SCFA for 
colonic and immune cells due to its ability to serve as energy source for colonic epithelium 
as well as regulate cell growth and differentiation [84, 85]. It is a preferred energy source by 
colonocytes over glucose, glutamine, or other SCFA, and 70 to 90 % of butyrate is 
metabolized by colonocytes [86]. It has been implicated to inhibit intestinal cholesterol 
biosynthesis [87]. Acetate, as a direct substrate for acetyl-CoA synthetase, an enzyme that 
converts acetate to acetyl-CoA for entering to the cholesterol and fatty acid synthesis cycle, 
has been implicated to increase liver cholesterol, and fatty acid levels [41, 88]. Acetate has 
been shown to associate negatively with visceral adipose tissues and insulin levels in obese 
people [89]. Propionate has been shown to possess antilipogenic and cholesterol-lowering 
effects. While acetate is a substrate for sterol and fatty acid synthesis, propionate counteracts 
this by inhibiting acetate incorporation to serum lipids [41]. Propionate has been shown to to 
reduce the rate of cholesterol synthesis [87, 90], to inhibit fatty acid synthesis [91], to 
decrease liver lipogenesis [92], and to decrease hepatic and plasma and serum cholesterol 
levels [93, 94]. Propionate supplementation has been shown increase serum HDL cholesterol 
and triglyceride levels without effect on total cholesterol [92, 95]. However, contradictory 
results about its efficacy on cholesterol metabolism has been also observed [96-98]. 

The production of short-chain fatty acids during polydextrose fermentation has been 
studied with batch fermentations, colon simulators as well as from feces in animal and 
human studies. The differences in the results reflect individual variation, sampling, and 
differences in the methods used. Fecal SCFA concentration measurements are not the best 
indicators of SCFA produced as the majority of fecal SCFA is absorbed rapidly by the 
colonic epithelial cells [99]. Polydextrose has been observed to increase the production of 
butyrate, acetate and propionate in vitro [18, 100-102], in rats [20], pigs [11], in dogs [103] 
and in humans [17, 49]. When compared to other fibers, polydextrose produced similar 
quantities of SCFAs, and the molecular ratio of acetate/propionate/butyrate produced was 
found to be similar to that of fructo-oligosaccharides and xylo-oligosaccharides and other 
carbohydrates, such as inulin, pectin, and arabinose [104, 105] while in other studies 
polydextrose produced less total SCFAs compared to FOS, inulin and GOS [102, 106, 107]. 
The lower production of SCFAs by polydextrose can be explained by the lower digestability 
of polydextrose and its more sustained fermentation throughout the gut due to its branched 
complex structure. Furthermore, polydextrose fermentation has been shown to reduce 
putrefactive microbial metabolites, or branched-chain fatty acids and biogenic amines 
produced from protein fermentation [11, 20, 49, 100, 101, 107-109] but the decrease of these 
in relation to lipid metabolism and absorption is unknown. Figure 2 shows an example of 
how fermentation of polydextrose increases the amount short chain fatty acids in an in vitro 
colon simulation both when the amount of polydextrose is increased, and when the 
simulation proceeds from vessel V1 representing proximal part of the colon towards the 
vessels representing more distal parts of the colon [108]. 
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Figure 2. Concentration (mM) of short chain fatty acids (SCFAs) in the different vessels V1, V2, V3, and 
V4 after 48h in vitro colon fermentation simulation. An increase in the concentration of SCFAs can be 
observed both dose-dependently as well as from vessels representing proximal colon V1 towards 
vessels representing more distal parts of the colon, V3 and V4.  

When polydextrose enters the colon, it is fermented by the indigenous microbiota, thus 
serving as an energy-source to promote their growth and survival. In germ-free mice, the 
transplantation of the colonic microbiota from normal mice resulted in a 60 % increase in 
body fat in an unchanged diet [110] and there are an increasing number of reports that the 
gut microbiota may play an important role in cholesterol and lipid homeostasis, in obesity 
and metabolic syndrome [111-113].  

Bacterial DNA of fecal samples from 20 individuals consuming 21 g of polydextrose in 3 
doses per day were pyrosequenced, and the amount of Clostridiaceae, and Veillonea 
increased while Lachnospiraeae and Eubacteriaceae decreased compared to the control 
group without additional supplemental fiber [114]. Well-known butyrate-producers were 
increased in number, such as Faecalibacterium, and especially Faecalibacterium prausnitzii, 
whereas other SCFA producers, such as Lachnospiraceae, and Eubacteriaceae were reduced 
in number by administration of polydextrose [114]. Polydextrose also decreased the number 
of Coriobacteriaceae, which have been shown to have a positive association to non-HDL 
cholesterol [111, 114]. Interestingly, bifidobacteria have shown a positive correlation with 
HDL-cholesterol [111], but the bifidobacterial counts were decreased by polydextrose when 
studied with pyrosequencing [114]. In other studies polydextrose administration has been 
shown to increase the amount of bifidobacteria and lactobacilli [17, 18, 49, 106, 107, 115] 
while in some studies this effect has not been noted [103] or that there was no effect on the 
growth of lactobacilli [102]. This kind of inconsistency in the response could reflect the 
interindividual differences in indigenous microbiota to begin with. These kind of 
fluctuations in the indigenous microbiota, however, might explain why there are 
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reduce the rate of cholesterol synthesis [87, 90], to inhibit fatty acid synthesis [91], to 
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results about its efficacy on cholesterol metabolism has been also observed [96-98]. 

The production of short-chain fatty acids during polydextrose fermentation has been 
studied with batch fermentations, colon simulators as well as from feces in animal and 
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increased in number, such as Faecalibacterium, and especially Faecalibacterium prausnitzii, 
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HDL-cholesterol [111], but the bifidobacterial counts were decreased by polydextrose when 
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differencies in the studies with polydextrose and its effect on cholesterol values, for instance 
in [45] in which a responder group with a decrease in LDL was observed.  

3.3. Polydextrose effect on glycemic control and insulin response 

Fibers can affect blood glucose levels by decreasing the glycemic load of a meal or by 
affecting glucose absorption or release of glucose [5], and especially soluble fiber has been 
shown to attenuate the absorption of glucose [27]. Soluble dietary fibers may affect total and 
LDL cholesterol levels through effects on postprandial glycemia, as reduction in the glucose 
absorption, which would lower the insulin level and its production in the pancreas, would 
then lead to a decrease in cholesterol synthesis [116]. When soluble dietary fibers are being 
digested they delay the emptying of digested food from the stomach to the small intestine, 
slow down the transportation and mixing of digestive enzymes in the chyme and increase 
the resistance of the unstirred water layer lining the mucosa [117, 118]. This leads to 
reduction in the absorption of glucose and macronutrients, and lowered level of 
postprandial glucose is accompanied with lowered insulin level which would possibly lead 
to lowered hepatic cholesterol synthesis. [39]. There has been studies describing inverse 
relationship between glycemic load and HDL cholesterol [119, 120], and an indirect 
regulation of intestinal lipid uptake by dietary glucose has been presumed. Short-term 
incubation with intestinal epithelial cells, Caco-2 cells, with glucose on the apical side 
induces a significant uptake of cholesterol in a dose-dependent manner [121], and in 
addition cholesterol synthesis seems to dependent on glucose intake [122]. 

The effect of polydextrose ingestion on glucose and postprandial insulin response has been 
investigated in several studies. Polydextrose has a very low glycemic index (4 to 7) with 
glycemic load of 1 compared to the reference glucose (100) [7, 123]. Polydextrose has been 
reported to attenuate the blood glucose raising potential of glucose, as the glycemic index of 
glucose was reduced from 100 to 88 when 12 grams of polydextrose was ingested together 
with glucose by healthy adults [49]. Similar results were observed in a study with healthy 
adults when 14 g was ingested together with 50 g of glucose or 106 g of bread [124]. Plasma 
glucose levels were decreased by 28 % and 35 %, compared to glucose and bread without 
polydextrose, respectively, with significantly reduced serum insulin levels in the glucose 
plus polydextrose group [124]. These observations indicate that polydextrose could reduce 
the absorption of glucose. When the effect of polydextrose was studied with human subjects 
with impaired glucose tolerance or impaired fasting glucose, no change in plasma glucose or 
insulin has been observed [52]. However, this study [52] had a moderately high fructose 
intake which could have affected the results as fructose does not induce endogenous 
secretion of insulin [125]. Diurnally polydextrose did not seem to change plasma sugar 
levels, but a decrease in insulin after meals was noted [69]. In dogs, polydextrose showed an 
attenuated postprandial glycemic and lower relative insulin responses than the control 
sugar maltitol [126]. 

Polydextrose has been also studied in trials in which the reference group received a normal 
meal/snack with glucose, and the intervention group the same but with the glucose partially 
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replaced with polydextrose. In volunteers with type 2 diabetes, cranberries with 10g of 
polydextrose showed attenuated plasma glucose and insulin response compared to 
cranberries with glucose [127]. In one study with healthy adults, significantly lower 
postprandial glucose levels were observed after ingestion of strawberry jam with 40 % 
polydextrose than after ingestion of strawberry jam sweetened with sugar, corn syrup, or 
apple juice, but this study did not measure insulin [128].  

These above results indicate that polydextrose might have a role in postprandial glucose 
absorption and insulin response. One good candidate to modify insulin response is again 
the SCFAs, especially propionate, which have been shown to improve insulin sensitivity 
during glucose tolerance tests [95]. Polydextrose also might interfere the release and 
absorption of the glucose in the small intestine which would lead to slower and lower blood 
sugar rise [5]. In some of these studies the response is observed because polydextrose was 
used as sugar substitute to lower the caloric content of the snack/product [127, 128]. In [127] 
the beneficial insulin reduction was observed not to be in 1:1 ratio with caloric reduction so 
there might be additional beneficial effect apart from lowering the overall calorie content. 

3.4. Polydextrose as a satiety increasing agent 

Meals dense in fiber have also been demonstrated to be able to control the sense of hunger, 
satiety, inhibit the desire for another meal, or induce satiation, limit the size of the meal, 
possibly by lowering caloric density or slowing down gastric emptying [40, 129] This would 
further decrease the sugar load of the individual, since high-fiber diets usually have a lower 
glycemic load.  

Polydextrose has been observed to significantly reduce the feeling of hunger in subjects with 
impaired glucose metabolism [52], and to have tendency towards reduced snacking [10]. It 
has been shown to increase satiety and to reduce food intake when combined with yoghurt 
preloads [130]. However, evidence has been conflicting - in one study when 25 g 
polydextrose was preloaded in two servings before lunch, no difference in the desire to eat, 
sense of hunger and fullness was observed beween polydextrose and the other fibers tested 
[131]. In this study polydextrose did not decrease the energy consumed in lunch. In another 
study when polydextrose was consumed as 9.5 g in a muffin no difference in the feeling of 
hungriness or food intake was observed between polydextrose and the other fibers studied 
[132]. In the two most recent studies, polydextrose intake of 12 g in a fruit smoothie, 
consumed as a single dose preload, significantly reduced the intake of energy in a buffet 
lunch 1 hour after the consumption of the smoothie [133]. Similar observations with a single 
dose of 6.25 g or 12.5 g of polydextrose before a test lunch were also made in another study 
[134, 135].  

Both butyrate and propionate have been shown to induce gut hormones and reduce food 
intake [136]. Propionate has been shown to act as a satiety-inducing agent, with strong 
effects on energy intake and feeding behaviour with significantly greater feeling of fullness 
and lower desire to eat [137, 138]. This could be introduced by the modulation of the colonic 
mucosa secreted peptide hormones that regulate appetite, such as glucagon like peptide -1 
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differencies in the studies with polydextrose and its effect on cholesterol values, for instance 
in [45] in which a responder group with a decrease in LDL was observed.  
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induces a significant uptake of cholesterol in a dose-dependent manner [121], and in 
addition cholesterol synthesis seems to dependent on glucose intake [122]. 

The effect of polydextrose ingestion on glucose and postprandial insulin response has been 
investigated in several studies. Polydextrose has a very low glycemic index (4 to 7) with 
glycemic load of 1 compared to the reference glucose (100) [7, 123]. Polydextrose has been 
reported to attenuate the blood glucose raising potential of glucose, as the glycemic index of 
glucose was reduced from 100 to 88 when 12 grams of polydextrose was ingested together 
with glucose by healthy adults [49]. Similar results were observed in a study with healthy 
adults when 14 g was ingested together with 50 g of glucose or 106 g of bread [124]. Plasma 
glucose levels were decreased by 28 % and 35 %, compared to glucose and bread without 
polydextrose, respectively, with significantly reduced serum insulin levels in the glucose 
plus polydextrose group [124]. These observations indicate that polydextrose could reduce 
the absorption of glucose. When the effect of polydextrose was studied with human subjects 
with impaired glucose tolerance or impaired fasting glucose, no change in plasma glucose or 
insulin has been observed [52]. However, this study [52] had a moderately high fructose 
intake which could have affected the results as fructose does not induce endogenous 
secretion of insulin [125]. Diurnally polydextrose did not seem to change plasma sugar 
levels, but a decrease in insulin after meals was noted [69]. In dogs, polydextrose showed an 
attenuated postprandial glycemic and lower relative insulin responses than the control 
sugar maltitol [126]. 

Polydextrose has been also studied in trials in which the reference group received a normal 
meal/snack with glucose, and the intervention group the same but with the glucose partially 
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replaced with polydextrose. In volunteers with type 2 diabetes, cranberries with 10g of 
polydextrose showed attenuated plasma glucose and insulin response compared to 
cranberries with glucose [127]. In one study with healthy adults, significantly lower 
postprandial glucose levels were observed after ingestion of strawberry jam with 40 % 
polydextrose than after ingestion of strawberry jam sweetened with sugar, corn syrup, or 
apple juice, but this study did not measure insulin [128].  

These above results indicate that polydextrose might have a role in postprandial glucose 
absorption and insulin response. One good candidate to modify insulin response is again 
the SCFAs, especially propionate, which have been shown to improve insulin sensitivity 
during glucose tolerance tests [95]. Polydextrose also might interfere the release and 
absorption of the glucose in the small intestine which would lead to slower and lower blood 
sugar rise [5]. In some of these studies the response is observed because polydextrose was 
used as sugar substitute to lower the caloric content of the snack/product [127, 128]. In [127] 
the beneficial insulin reduction was observed not to be in 1:1 ratio with caloric reduction so 
there might be additional beneficial effect apart from lowering the overall calorie content. 

3.4. Polydextrose as a satiety increasing agent 

Meals dense in fiber have also been demonstrated to be able to control the sense of hunger, 
satiety, inhibit the desire for another meal, or induce satiation, limit the size of the meal, 
possibly by lowering caloric density or slowing down gastric emptying [40, 129] This would 
further decrease the sugar load of the individual, since high-fiber diets usually have a lower 
glycemic load.  

Polydextrose has been observed to significantly reduce the feeling of hunger in subjects with 
impaired glucose metabolism [52], and to have tendency towards reduced snacking [10]. It 
has been shown to increase satiety and to reduce food intake when combined with yoghurt 
preloads [130]. However, evidence has been conflicting - in one study when 25 g 
polydextrose was preloaded in two servings before lunch, no difference in the desire to eat, 
sense of hunger and fullness was observed beween polydextrose and the other fibers tested 
[131]. In this study polydextrose did not decrease the energy consumed in lunch. In another 
study when polydextrose was consumed as 9.5 g in a muffin no difference in the feeling of 
hungriness or food intake was observed between polydextrose and the other fibers studied 
[132]. In the two most recent studies, polydextrose intake of 12 g in a fruit smoothie, 
consumed as a single dose preload, significantly reduced the intake of energy in a buffet 
lunch 1 hour after the consumption of the smoothie [133]. Similar observations with a single 
dose of 6.25 g or 12.5 g of polydextrose before a test lunch were also made in another study 
[134, 135].  

Both butyrate and propionate have been shown to induce gut hormones and reduce food 
intake [136]. Propionate has been shown to act as a satiety-inducing agent, with strong 
effects on energy intake and feeding behaviour with significantly greater feeling of fullness 
and lower desire to eat [137, 138]. This could be introduced by the modulation of the colonic 
mucosa secreted peptide hormones that regulate appetite, such as glucagon like peptide -1 
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(GLP-1), peptide YY (PYY), oxyntomodulin, or SCFA receptors, GPR43 or GPR41, which 
have been localized in intestinal enteroendocrine L cells, that are responsible for the 
production of the appetite regulating hormones [139, 140] but whether polydextrose 
ingestion causes changes in these peptide hormones remains to be investigated. 

3.5. Modulation of genes regulating energy metabolism by polydextrose 
fermentation in colon 

Microbial metabolites have been shown to modulate gene expression, for instance butyrate 
acts as a histone deacetylase (HDAC) inhibitor, and affects gene transciption [141]. 
Polydextrose has been shown to increase expression of PPARγ in the colon of mice [142]. 
This has been attributed to be mediated at least by butyrate, which can not only up regulate 
gene expression of PPARγ, but also activate it [143]. When intestinal epithelial cells were 
treated with polydextrose fermentation metabolites, a gene expression signature was 
induced that approached the response of butyrate [144]. In the study [144] 1 or 2 % 
polydextrose was fermented in a four-stage semicontinuous colon simulation model, in 
which each vessel in sequence represents different parts of the colon. Caco-2 cells were 
treated with the polydextrose fermentation metabolites from each vessel, and the idea was 
to analyse gene expression pattern of the Caco-2 cells treated with fermentation metabolome 
representing the whole colon. The weakness of this study was that the cells were not 
differentiated, but were used as a cancer cell model, and that fermentation metabolites 
originated from a fecal sample only from one individual. In the gene ontology analysis of 
this study, enrichment of class "lipid metabolism" by the polydextrose fermentation 
metabolites was noted, which indicated that genes involved in energy metabolism were 
regulated. Indeed, induction of PPARα, PGC-1α, and Lipin 1which are major regulators of 
the metabolism, were observed. Additionally, some PPARα responsive genes were observed 
to be up regulated, such as SORBS1, LPIN1, NPC1, FATP1, HMOX1, and ACSL1 [144].  

In the intestine, activation of PPARα results in the specific induction of genes involved in 
fatty acid uptake, binding, transport, and catabolism. In addition, genes involved in 
triacylglycerol and glycerolipid metabolism have been suggested to function as fatty acid 
sensors, and in nutrient absorption [145, 146]. PGC-1α participates to the regulation of both 
carbohydrate and lipid metabolism, and it has been involved in the adaptation of and 
maintenance of energy homeostais in caloric restriction [147]. Drosophila PGC-1α homolog 
increases mitochondrial gene expression and activity and protects against age-related loss of 
intestinal homeostasis and integrity, and is suggested to extend life span [148]. Lipin 1 is 
induced by PGC-1α in liver and acts to amplify PGC-1α and to activate many of the genes of 
mitochondrial fatty acid oxidative metabolism [149]. Lipin 1 has been associated with 
insulin sensitivity in adipose tissue and liver which indicates that it has a profound role in 
maintaining systemic metabolic homeostasis [150, 151].  

One of the genes regulated by polydextrose fermentation metabolites was Niemann Pick C1 
(NPC1), a significant contributor to plasma HDL cholesterol formation [152]. NPC1 
facilitates the movement of cholesterol to ABCA1, a cholesterol transporter that is located in 
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the basolateral membrane of enterocytes, that is involved in the efflux process of cholesterol 
to circulating HDL particles [153]. Approximately 30 % of the steady-state HDL was 
contributed by the intestinal ABCA1 in mice [154]. In NPC1 deficient cells the HDL 
cholesterol formation is reduced [155]. 

4. Conclusions 

Based on the current research there is clear evidence that polydextrose has the ability to 
attenuate glucose absorption, reduce insulin response and lower blood LDL, total 
cholesterol and triglyceride levels. HDL cholesterol shows a tendency to be increased, but 
this has not been consistently demonstrated in all studies. This kind of ability to increase 
HDL would be quite unique among soluble fermentable fibers. Animal studies also indicate 
that polydextrose could interfere with cholesterol and triglyceride absorption.  

Figure 3 summarises the possible mechanisms of how polydextrose could affect cholesterol 
and lipid metabolism. Polydextrose is used as a bulking agent, and increases the bulk of the 
material that transits along the colon. This can provide a sense of fullness and satiety. The 
effect of polydextrose on bile acid secretion cannot be definitely concluded at this point but 
is unlikely due to its non-viscous characteristic. It seems, that polydextrose attenuates the 
blood glucose raising potential of glucose itself, and the insulin response. Glucose and 
insulin are linked to hepatic de novo cholesterol synthesis, cholesterol absorption and HDL 
formation. The mechanism of the lipid metabolism modulating effect of polydextrose might 
be indirect, through its fermentation by the indigenous microbiota either the luminal or 
mucosal, that at the same time increase SCFA production. The microbiota can affect 
cholesterol degradation, but could also for instance affect chylomicron formation and 
cholesterol absorption. The absorbed SCFAs, propionate and butyrate, are linked to 
diminishing de novo cholesterol synthesis in the liver. Acetate, in contrast, has an opposite 
effect. Whether SCFAs are the molecules exerting the effect of the polydextrose is not 
known. During the fermentation of soluble fibers other metabolites apart from SCFAs are 
formed [156]. The complex structure of polydextrose facilitates its fermentation throughout 
colon. This differentiates it from other fibers which are fermented early in the colon, and it 
serves as an energy source for bacteria throughout the colon, and changes in the 
composition of the microbiota are observed with an increase in butyrate-producing bacteria 
[114]. It is possible that due to its fermentation characteristics the long-term effect on 
microbiota composition might be different to other soluble fibers. The mechanism of 
polydextrose might also be direct, through modulation of surface receptors, but currently 
there is no evidence for this.  

The microarray study has given ideas of how polydextrose fermentation metabolites might 
affect the intestinal tissue. The evidence is, however, at the transcriptional level only, and is 
speculative. Additional studies in the possible regulation of PPARα, PGC1α, Lipin1, NPC1, 
and others by polydextrose is thus needed. In vitro studies could be used for instance to study 
the role of polydextrose fermentation in HDL formation using a differentiated Caco-2 cell 
model which has shown to be good model to study de novo ApoA-I production [157]. 



 
Lipid Metabolism  246 

(GLP-1), peptide YY (PYY), oxyntomodulin, or SCFA receptors, GPR43 or GPR41, which 
have been localized in intestinal enteroendocrine L cells, that are responsible for the 
production of the appetite regulating hormones [139, 140] but whether polydextrose 
ingestion causes changes in these peptide hormones remains to be investigated. 
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acts as a histone deacetylase (HDAC) inhibitor, and affects gene transciption [141]. 
Polydextrose has been shown to increase expression of PPARγ in the colon of mice [142]. 
This has been attributed to be mediated at least by butyrate, which can not only up regulate 
gene expression of PPARγ, but also activate it [143]. When intestinal epithelial cells were 
treated with polydextrose fermentation metabolites, a gene expression signature was 
induced that approached the response of butyrate [144]. In the study [144] 1 or 2 % 
polydextrose was fermented in a four-stage semicontinuous colon simulation model, in 
which each vessel in sequence represents different parts of the colon. Caco-2 cells were 
treated with the polydextrose fermentation metabolites from each vessel, and the idea was 
to analyse gene expression pattern of the Caco-2 cells treated with fermentation metabolome 
representing the whole colon. The weakness of this study was that the cells were not 
differentiated, but were used as a cancer cell model, and that fermentation metabolites 
originated from a fecal sample only from one individual. In the gene ontology analysis of 
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metabolites was noted, which indicated that genes involved in energy metabolism were 
regulated. Indeed, induction of PPARα, PGC-1α, and Lipin 1which are major regulators of 
the metabolism, were observed. Additionally, some PPARα responsive genes were observed 
to be up regulated, such as SORBS1, LPIN1, NPC1, FATP1, HMOX1, and ACSL1 [144].  

In the intestine, activation of PPARα results in the specific induction of genes involved in 
fatty acid uptake, binding, transport, and catabolism. In addition, genes involved in 
triacylglycerol and glycerolipid metabolism have been suggested to function as fatty acid 
sensors, and in nutrient absorption [145, 146]. PGC-1α participates to the regulation of both 
carbohydrate and lipid metabolism, and it has been involved in the adaptation of and 
maintenance of energy homeostais in caloric restriction [147]. Drosophila PGC-1α homolog 
increases mitochondrial gene expression and activity and protects against age-related loss of 
intestinal homeostasis and integrity, and is suggested to extend life span [148]. Lipin 1 is 
induced by PGC-1α in liver and acts to amplify PGC-1α and to activate many of the genes of 
mitochondrial fatty acid oxidative metabolism [149]. Lipin 1 has been associated with 
insulin sensitivity in adipose tissue and liver which indicates that it has a profound role in 
maintaining systemic metabolic homeostasis [150, 151].  

One of the genes regulated by polydextrose fermentation metabolites was Niemann Pick C1 
(NPC1), a significant contributor to plasma HDL cholesterol formation [152]. NPC1 
facilitates the movement of cholesterol to ABCA1, a cholesterol transporter that is located in 
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the basolateral membrane of enterocytes, that is involved in the efflux process of cholesterol 
to circulating HDL particles [153]. Approximately 30 % of the steady-state HDL was 
contributed by the intestinal ABCA1 in mice [154]. In NPC1 deficient cells the HDL 
cholesterol formation is reduced [155]. 

4. Conclusions 

Based on the current research there is clear evidence that polydextrose has the ability to 
attenuate glucose absorption, reduce insulin response and lower blood LDL, total 
cholesterol and triglyceride levels. HDL cholesterol shows a tendency to be increased, but 
this has not been consistently demonstrated in all studies. This kind of ability to increase 
HDL would be quite unique among soluble fermentable fibers. Animal studies also indicate 
that polydextrose could interfere with cholesterol and triglyceride absorption.  

Figure 3 summarises the possible mechanisms of how polydextrose could affect cholesterol 
and lipid metabolism. Polydextrose is used as a bulking agent, and increases the bulk of the 
material that transits along the colon. This can provide a sense of fullness and satiety. The 
effect of polydextrose on bile acid secretion cannot be definitely concluded at this point but 
is unlikely due to its non-viscous characteristic. It seems, that polydextrose attenuates the 
blood glucose raising potential of glucose itself, and the insulin response. Glucose and 
insulin are linked to hepatic de novo cholesterol synthesis, cholesterol absorption and HDL 
formation. The mechanism of the lipid metabolism modulating effect of polydextrose might 
be indirect, through its fermentation by the indigenous microbiota either the luminal or 
mucosal, that at the same time increase SCFA production. The microbiota can affect 
cholesterol degradation, but could also for instance affect chylomicron formation and 
cholesterol absorption. The absorbed SCFAs, propionate and butyrate, are linked to 
diminishing de novo cholesterol synthesis in the liver. Acetate, in contrast, has an opposite 
effect. Whether SCFAs are the molecules exerting the effect of the polydextrose is not 
known. During the fermentation of soluble fibers other metabolites apart from SCFAs are 
formed [156]. The complex structure of polydextrose facilitates its fermentation throughout 
colon. This differentiates it from other fibers which are fermented early in the colon, and it 
serves as an energy source for bacteria throughout the colon, and changes in the 
composition of the microbiota are observed with an increase in butyrate-producing bacteria 
[114]. It is possible that due to its fermentation characteristics the long-term effect on 
microbiota composition might be different to other soluble fibers. The mechanism of 
polydextrose might also be direct, through modulation of surface receptors, but currently 
there is no evidence for this.  

The microarray study has given ideas of how polydextrose fermentation metabolites might 
affect the intestinal tissue. The evidence is, however, at the transcriptional level only, and is 
speculative. Additional studies in the possible regulation of PPARα, PGC1α, Lipin1, NPC1, 
and others by polydextrose is thus needed. In vitro studies could be used for instance to study 
the role of polydextrose fermentation in HDL formation using a differentiated Caco-2 cell 
model which has shown to be good model to study de novo ApoA-I production [157]. 
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Figure 3. Summary of the polydextrose function in lipid metabolism. 

It could be worthwhile to investigate to what extent polydextrose fermentation metabolites 
cause systemic effects for instance in liver, and its de novo cholesterol synthesis, not 
forgetting the role of the intestine. When lipidemic conditions are normal, the liver is the 
most important site of cholesterol biosynthesis, followed by the intestine. Biosynthesis in the 
liver and intestine account for about 15 and 10 %, respectively, in the total amount of 
cholesterol biosynthesis each day [158] [159]. In hypercholesterolemia, when cholesterol 
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biosynthesis is supressed in most organs by fasting, the intestine becomes the major site of 
cholesterol biosynthesis, and its contribution can increase up to 50 %[160, 161]. Mixtures of 
short chain fatty acids have been show to suppress cholesterol synthesis in the rat liver and 
intestine [162], and whether fermentation metabolites from polydextrose can inhibit 
cholesterol biosynthesis in the intestine, or even in the liver, is an open question.  
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biosynthesis is supressed in most organs by fasting, the intestine becomes the major site of 
cholesterol biosynthesis, and its contribution can increase up to 50 %[160, 161]. Mixtures of 
short chain fatty acids have been show to suppress cholesterol synthesis in the rat liver and 
intestine [162], and whether fermentation metabolites from polydextrose can inhibit 
cholesterol biosynthesis in the intestine, or even in the liver, is an open question.  
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1. Introduction 

In the report of the Experts of the World Health Organisation and the Food and Agriculture 
Organisation [1] which reviewed research results concerning the influence of lifestyle, 
particularly diet components on the risk level of diet-dependent diseases, beta-glucan was 
acknowledged as a substance limiting the risk of many the so-called civilisation diseases. 
Simultaneously, it was recognized that the physiological influence of dietary fibre and 
interactions with other diet components are not fully known, therefore, further research 
within the scope is reasonable. Among various fractions of dietary fibre, β-glucans from 
cereals are especially significant, as they are considered safe and at the same time 
recommended for intake as food components lowering total cholesterol concentration in 
blood. Unlike widely-known fractions of dietary fibre, recommended as a factor modifying 
and preventing the risk of circulatory system and digestive system diseases, beta-glucans 
show multidirectional and still not entirely recognized health influence [2]. 

β-glucans discovered so far have been used in the pharmaceutical industry as substances 
strengthening the immune system, preparations of antiviral and antibacterial activity, and 
as natural adjuvants, which resulted in them being called “biological response modifiers” 
(BRMs). It is assumed that substances of this type cannot do harm, they help the body to 
adjust to various environmental and biological stresses and have a regulating and multi-
directed influence on the body, most of all, supporting the immune system, but also 
showing another positive influence on some functions of the body, e.g. correcting lipid 
metabolism, correcting glycemic index in people with type 2 diabetes, or exhibiting 
antitumor activity [3].  
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1. Introduction 

In the report of the Experts of the World Health Organisation and the Food and Agriculture 
Organisation [1] which reviewed research results concerning the influence of lifestyle, 
particularly diet components on the risk level of diet-dependent diseases, beta-glucan was 
acknowledged as a substance limiting the risk of many the so-called civilisation diseases. 
Simultaneously, it was recognized that the physiological influence of dietary fibre and 
interactions with other diet components are not fully known, therefore, further research 
within the scope is reasonable. Among various fractions of dietary fibre, β-glucans from 
cereals are especially significant, as they are considered safe and at the same time 
recommended for intake as food components lowering total cholesterol concentration in 
blood. Unlike widely-known fractions of dietary fibre, recommended as a factor modifying 
and preventing the risk of circulatory system and digestive system diseases, beta-glucans 
show multidirectional and still not entirely recognized health influence [2]. 

β-glucans discovered so far have been used in the pharmaceutical industry as substances 
strengthening the immune system, preparations of antiviral and antibacterial activity, and 
as natural adjuvants, which resulted in them being called “biological response modifiers” 
(BRMs). It is assumed that substances of this type cannot do harm, they help the body to 
adjust to various environmental and biological stresses and have a regulating and multi-
directed influence on the body, most of all, supporting the immune system, but also 
showing another positive influence on some functions of the body, e.g. correcting lipid 
metabolism, correcting glycemic index in people with type 2 diabetes, or exhibiting 
antitumor activity [3].  
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Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2. Sources and general properties of β-glucans  

β-glucans are long-chain, multidimensional polymers of glucose, in which particular 
particles of glucopyranose are linked with glycosidic bonds of β type, linearly, in (1→3) 
and/or (1→4) structure or in a branched way, i.e. with side chains of varied length, linked 
to the main core with glycosidic bonds of β-(1→6) type. They are structural components of 
plant cell walls (mostly cereals – oats and barley), yeast (Saccharomyces cerevisiae, 
Saccharomyces fragilis, Candida tropicalis, Candida utilis among others), as well as the so-
called Chinese or Japanese fungi. Also beta glucans constituting the components of cell 
walls, or being the excretion of various bacteria (e.g. Alcaligenes faecalis var. Myxogenes, 
Cellulomonas flavigena Bacillus or Micromonospora) [4] are known. The presence of β-glucans 
have also been confirmed in the cell walls of some vegetables (carrot, radish, soybean) and 
fruit (bananas) [5]. 

β-glucans isolated from fungi seem to be the most advantageous, i.e. of greatest pro-health 
influence. β-glucans from cereals are quite well-known. Present interest in isolating β-
glucans takes into account new sources of β-glucans, e.g. baker’s yeast Sacharomyces 
cerevisiae, considered a better source than cereals or fungi in terms of economics.  

The pro-health influence of beta glucans on the body depends on their physicochemical 
properties. The physicochemical properties of β-glucans differ depending on characteristics 
of their primary structure, including linkage type, degree of branching, molecular weight, 
and conformation (e.g. triple helix, single helix, and random coil structures) [3,4]. 

Native β-glucans, depending on their origin contain different bonds, show varied solubility 
degree and varied direction of pro-health influence. Beta glucans from: 

- cereals – containing (13)-(14)-β bonds and constituting main soluble fractions, serve 
as dietary fibre, of a particularly important function aiming to lower cholesterol 
concentration and triacyloglycerols in blood, 

- yeast - containing (13)-(16)-β bonds and constituting usually insoluble forms. They 
are known for their enhancing the immune system, by activating first of all macrofags. 
They also stimulate the skin cell response to combat free radicals and defend against the 
environmental pollution, significantly delaying aging process, and act anti-
inflammatory. 

- fungi – contain both (13)/(16)-β and (13)/(14)-β type bonds, from which 53-83% 
constitute insoluble fractions and 16-46% - soluble fractions. They are called 
heteroglucans showing universal immunostimulating and immunomodulating activity 
of antiviral, antibacterial and antiallergic character. They also have the ability to lower 
high blood cholesterol, inhibit excessive cholesterol synthesis and remove the excess of 
glucose from peripheral blood. Beta glucan activity as an anti-tumour factor concerns 
mostly (13)-(16)-β forms. 

A lower level of branching and lower polymerisation degree are characterised by better 
solubility (Fig. 1). It is believed that insoluble β-glucans are those whose degree of 
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polymerisation (DP) is higher than 100 [6]. Insoluble or slightly soluble beta glucans contain 
very long, multi-branched side chains in the particle (Fig. 2). 
 

 
Figure 1. An example of the molecular structure of soluble yeast β-glucan. 

Molecular weight of beta glucans obtained from various sources differs within a wide range 
of values from 0,2 x 101 kDa to 4 x 104 kDa. From technological point of view, beta glucans of 
high molecular weight (> 3 x 103 kDa) are characterised by high viscosity, and those of low 
molecular weight (about 9 kDa) constitute gels. Hydrolysed beta-glucans are soluble, but 
not very viscous and do not constitute gels.  

Physicochemical properties of β-glucans might be modified through the use of various 
technologies during their isolation. Used chemical or enzymatic methods, leading to the 
hydrolysis of long-chain β-glucans, allow to lower the degree of depolymerisation and their 
particle mass in relation to native form, which simultaneously increases their solubility and 
lowers viscosity in liquids [7]. 

Among many methods leading to depolymerisation of long-chained and multi-branched β-
glucans, it is essential to distinguish other chemical modifications, e.g. esterification [8], 
phosphorylation [9], sulphonation [10], chlorosulphonation [11], or carboxylmethylation 
[12]. This last method is considered to be one of the most effective methods transforming 
insoluble forms into soluble fractions [13]. All authors state, however, that introducing an 
additional functional group to β-glucan chain might lead to simultaneous growth of glucan 
particle size, which in turn leads to excessive increase in their viscosity in water solution, 
and therefore, shows different than expected physiological influence [14]. There is also 
research published showing that viscosity of β-gluccans depends to a large extent on the 
degree of purification during their isolation [15]. 
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Figure 2. An example of the molecular structure of insoluble yeast β-glucan.  

2.1. β-glucans isolated from cereals 

Among cereals, the greatest amount of β-glucan in relations to dry mass can be found in 
barley grains (3-11%) and oat grains (3-7%). Small quantities of β-glucans are also found in 
rice (about 2%), wheat (about 1%) and sorghum (0.2-0.5%) [11]. In case of oat, β-glucans are 
present mostly in external layers of the grain, whilst in barley grain, these substances are 
spread evenly in the entire grain.  

Unlike insoluble cellulose, whose glucose particles are linked linearly with -D-(1→4) 
bonds, β-glucans contained in the endosperm of cereals grains are the mixture of -D-
glucose unbranched chains linked with -(1→3) and -(1→4) glycosidic bonds (Fig. 3) [16].  
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Figure 3. Primary molecular structure of (1-3)/(1-4)-β-glucan from barley grain. 
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Slightly different properties are characteristic of β-glucans isolated from sorghum, in which 
all three types of chains, i.e. both β-(1→3)-, β-(1→ 4)-, and β-(1→ 6) [17] have been found. In 
β-glucans isolated from most cereals β-(1→3) bonds constitute about 30%, whilst β-(1→4) 
bonds - about 70% of all bonds, with slight deviations characteristic of particular cereals [18]. 

β-glucans from oat are known as substances of pro-health influence comparable to β-
glucans isolated from barley [19], particularly in the ability to lower glucose concentration in 
blood [20], total cholesterol and triacylglycerols in blood [21,22].  

β-glucans extracted from cereals, which mainly contain β-(1,3-1,4)-d-glucan, have been 
demonstrated to reduce blood lipid levels, including cholesterol and triacylglycerols levels. 
The mechanisms by which β-glucans from cereals reduce blood lipid levels have been 
shown to include prevention of cholesterol reabsorption by adsorption, elimination of bile 
acid by adsorption, an increase in bile acid synthesis, and suppression of hepatic cholesterol 
biosynthesis by short-chain fatty acids produced by fermentation with intestinal bacteria 
[23,24].  

2.2. β-glucans isolated from fungi 

There are ”medicinal” fungi, used in traditional medicine of the countries of the East [25], 
such as Chinese Reishi (Ganoderma lucidum), or Japanese Shiitake (Lentinula edodes) and 
Maitake (Grifola frondosa), arboreal fungi: Chaga (Inonotus obliquus), Turkey Tail (Trametes 
versicolor), Split Gill (Schizophyllum commune), Mulberry Yellow Polypore (Phellinus linteus) 
and cultivated, e.g. Hiratake (Pleurotus ostreatus, Oyster mushroom). The concentration of β-
glucans in Basidiomycota fungi is relatively low and ranges from 0.21 to 0.53 g/100 g of dry 
mass [26].  
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Figure 4. Primary molecular structure of lentinan from Lentinus edodes. 

β-glucans isolated from fungi are heteroglucans containing both (13)/(14)-β and 
(13)/(16)-β bonds. They usually constitute the mixture of insoluble (about 53-83% 
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participation) and soluble (about 16-46%) fractions [40] of varied properties. They are mostly 
known as factors stimulating the immune system, having antiviral, antimicrobial and 
antiallergic properties [27,28]. They also have the ability to lower high blood pressure, slow 
down the excessive cholesterol synthesis and lower glucose concentration in blood [29], as 
well as show antioxidating properties [23]. They are also known as substances of anti-
tumour properties [4]. β-glucans well-known in terms of structure and biological activity are 
identified in accordance with their names, e.g.: lentinan (Fig. 4) obtained from Lentinus 
edodes, schizophyllan (SPG) (Fig. 5A) from Schizophyllum commune, pleuran from Pleurotus 
ostreatus or pullulans (AP-FBG) (Fig. 5B) from Aureobasidium pullulans, scleroglucan (SGG) 
(Fig. 6) from Sclerotium rolfsii, grifolan (GRN) from Grifola frondosa, krestin (PSK - 
polysaccharide-K and PSP - polysaccharopeptide) from Coriolus versicolor [30-34]. 

 
Figure 5. Primary molecular structure of Schizophyllan (A) from Schizophyllum commune and pleuran 
(B) from Aureobasidium pullulans. 
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Figure 6. Primary molecular structure of scleroglucan from Sclerotium rolfsii. 

Recently characterized structure of a novel water-soluble polysaccharide (ZPS - Zhuling 
polysaccharide) from the fruit bodies of medicinal mushroom Polyporus umbellatus and 
investigate its immunobiological function [35]. 
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2.3. β-glucans isolated from bacteria  

Polysaccharides of bacterial origin are known and widely used in food industry mostly as 
additives. They are often called bacterial egzopolisaccharides and constitute the ingredient 
of the cell wall, or can be excretions of various microorganisms, such as: Cellulomonas 
flavigena of KU strain [36], Bacillus curdlanolyticus and Bacillus kobensis [37], Bacillus and 
Micromonospora [38] Agrobacterium spp. ATCC31749 [39], Bradyrhizobium, Rhizobium spp. 
Sarcina ventriculi [40].  

The ones mass produced and used are: xanthan, dextran, pullulan or gellan. β-glucans of 
bacterial origin have the structure similar to mannans, but glucose constitutes their basic 
unit building block. Mucilages called xanthans produced by Xanthomonas campestris bacteria 
pathogenic for plants are widely used. Beta glucans produced as a result of microbiological 
fermentation called curdlan (Fig. 7) and laminarin are known from technological point of 
view. 

 
Figure 7. Primary molecular structure of (1-3)-β-glukan (A – curdlan; B - laminarin). 

Dextran is a glucan synthesized from saccharose by Leuconostoc mesenteroides and Streptococcus, 
containing glucose particles connected most often with (1→6) bonds of α type [41].  

Microorganisms used in food industry, mostly lactid acid bacteria (LAB) are a rich source of 
egzopolisaccharides [42].  

2.4. β-glucans isolated from Saccharomyces cerevisiae  

Yeast, both baker’s and spent brewer’s yeast, are characterised by high concentration of beta 
glucans, amounting on average to 7.7%, located in the cell wall. Cell wall (constituting 15-
30% of dry mass of yeast cells), is a complex, multi-particle structure, consisting in 50-60% of 
β-glucans and in about 40% of mannoproteins. Natural β-glucans isolated from yeast are 
insoluble in water, and their insolubility is caused by chitin, a polisaccharid consisting of 
residues of N-acetyl-glucosamine, linked with (1→4)-β-glycosidic bonds (chitin amounts to 
about 1% of cell wall mass). Chitin complex–(1→3)-β-glucan (about 3-9% of cell wall mass), 
is located on the inside of cell wall (1→6)-β β-glucan branches, link particular components of 
cell wall with the use of mannoproteins and covalent bonds. Mannoproteins are located on 
the outside of yeast cell wall [43]. 
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β-glucans and in about 40% of mannoproteins. Natural β-glucans isolated from yeast are 
insoluble in water, and their insolubility is caused by chitin, a polisaccharid consisting of 
residues of N-acetyl-glucosamine, linked with (1→4)-β-glycosidic bonds (chitin amounts to 
about 1% of cell wall mass). Chitin complex–(1→3)-β-glucan (about 3-9% of cell wall mass), 
is located on the inside of cell wall (1→6)-β β-glucan branches, link particular components of 
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Sparse research on β-glucans isolated in the laboratory from cell walls of baker’s yeast 
Saccharomyces cerevisiae, shows varied biological activity depending on the used technology 
of their isolation. They can strengthen the immune system, show antioxidant properties, and 
delay the process of cell aging [23,44]. 

Due to a high content of β-glucans in spent brewer’s yeast Saccharomyces cerevisiae, 
remaining after alcohol fermentation in the process of beer production, it seems that they 
can be an effective and inexpensive material for obtaining β-glucan preparations.  

Fig. 8 presents the diagram showing the use of spent brewer’s yeast, which constitute 
troublesome waste for the brewing industry.  

 
Figure 8. The possibilities of using spent brewer’s yeast Saccharomyces cerevisiae. 

Beta glucans might be obtained as a byproduct in the production of preparations enhancing 
flavour (yeast extracts), and the remains after fibre extraction constitute a good material for 
obtaining beta glucans. 

So far no research has been conducted on pro-health β-glucans obtained from spent 
brewer’s yeast Saccharomyces cerevisiae, which constitute a natural, often a troublesome 
byproduct of the brewing industry, waste product after alcohol fermentation in beer 
production. Sparse research on β-glucans obtained from this type of material is conducted 
on a laboratory scale and aims mostly to examine their technological properties, 
conditioning their usage as additional substances of thickening, gelling and/or water 
binding properties.  

3. The purpose and scope of work 

This work has aimed to assess pro-health activity of β-glucans isolated from a new, 
uninvestigated within this scope source, i.e. spent brewer’s yeast Saccharomyces cerevisiae. 
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Functional properties, i.e. physico-chemical properties of dried spent brewer’s yeast and β-
glucans isolated from them have been characterized. In order to determine the influence of 
glucan preparations (soluble BG-CMG and native - insoluble BG-HP) and spent brewer’s 
yeast on the lipid metabolism of the rat body, examined preparations have been added to 
atherogenic diet of animals (1% of cholesterol and 20% of fat) in such an amount so as to 
obtain the following levels: 

a. for β-glucans: 10 and 100 mg/kg of body mass - the dose of 10 mg/kg body mass is the 
amount calculated for an adult weighing 70 kg - 700 mg per day, the dose 100 mg/kg 
body mass – 7 g per day, 

b. Spent brewer’s yeast were added in the amount 100 mg daily (0.5% of diet components, 
which is about 500 mg/kg body weight). This amount corresponded to the intake of 
beta-glucans from spent brewer’s yeast in an amount of 10 mg/kg body weight. 

The research has been conducted in relation to control group, which has not been given 
yeast preparation additive.  

4. Research material and conditions of biological experiment 

Material consisted of: 

- dried, spent brewer’s yeast Saccharomyces cerevisiae - from INTER YEAST company, 
constituted the research material (Content: Protein - 43.5%, fat - 4% Total Carbohydrates 
- 25%, squalene - 125 mg per 100 g of powder, beta-glucan - 1.9%), 

- commercial, pure beta glucans isolated from spent brewer’s yeast (from the yeast cell 
walls): insoluble BG-HP (Beta HP(1/3)-(1/6)-β-D-Glucane Powder), 

- and soluble carboxymethylglucan BG-CMG (Beta CMG: 92% β-1,3/1,6-D-glucan 
concentration, 1.2% protein, <0.6% of mannans and <0.5% chitin), were provided by 
German company LEIBER GmbH - INTER YEAST. 

4.1. Biological experiment and its progress 

The experimental animals were growing male rats (Wistar) with an initial body weight of 
about 100 g. Prior to the start of the experiment, animals were given water and commercial, 
standard rat food LSM® ad libitum for 7 days to adapt them to the experimental conditions. 
Later the animals were randomly divided into 6 groups (7 rats in one group) in relation with 
diet composition:  

a. Control - without β-glucans,  
b. BG-CMG - with carboxymethylglucan: 

 BG-CMG10 (10 mg/kg of body mass), 
 BG-CMG100, (100 mg/kg of body mass), 

c. BG-HP - with insoluble beta glucan: 
 BG-HP10 (10 mg/kg of body mass), 
 BG-HP100 (100 mg/kg of body mass), 

d. and SBY – with dried spent brewer’s yeast.  
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The average body mass of rats in each group was similar. Diets (semisynthetic, isocaloric) 
were prepared in accordance with the recommendations of the American Institute of 
Nutrition [45]. Mineral mixture AIN-93G-MX and vitamin mixture AIN-93G-MV were used. 
The composition of experimental diets is presented in Table 1.  

The research was conducted on control group, which did not receive beta glucan additive. 
Diet intake and body weight growth of research animals were controlled during the 
research. Ethics Committee approved of the research. Energy derived from fat, protein and 
carbohydrates was 40.1; 15.8 and 44.1%, respectively.  

 

Components 
Diet 

Control 
BG-

CMG10 
BG-

CMG100 
BG-HP10 BG-HP100 SBY100 

Wheat starch, g 49.0 49.0 49.0 49.0 49.0 48.5 
Casein, g 20.0 20.0 20.0 20.0 20.0 20.0 
Soya oil, g 20.0 20.0 20.0 20.0 20.0 20.0 
α-cellulose, g 5.0 5.0 5.0 5.0 5.0 5.0 
DL-methionine, g 0.3 0.3 0.3 0.3 0.3 0.3 
Choline bitartrate, g 0.2 0.2 0.2 0.2 0.2 0.2 
Mineral mix, g  3.5 3.5 3.5 3.5 3.5 3.5 
Vitamin mix, g 1.0 1.0 1.0 1.0 1.0 1.0 
Cholesterola/, g 1.0 1.0 1.0 1.0 1.0 1.0 
Spent brewer’s yeast, g 0 0 0 0 0 0,5 
β-glucans from spent 
brewer’s yeast, mg/kg 
of body mass/dayb/: 

0 10 100 10 100 0 

Protein, g/100 g of diet 
(% of EV) 

18.0 (15.8%) 18.1 (15.9) 

Fat, g/100 g of diet  
(% of EV) 

20.3 (40.1%) 20.3 (40.2) 

Carbohydrates, g/100 g 
of diet (% of EV) 

50.2 (44.1%) 49.9 (43.9) 

Energy value (EV), 
 kJ (kcal) 

1904 (455,5) 1900.5 (454.7) 

Table 1. Composition of 100 g control and model diet enriched with β-glucans.  
a/ Sample weight of prepared earlier diet were mixed with fresh cholesterol in the proportion 99:1, 
directly before being served to animals; b/ β-glucans were weighed in the amounts adequate for each 
rat’s body mass, then mixed with small diet portions (5 g) and given to each animal individually. After 
having eaten, the animals were served diet and water ad libitum. 

During the whole experimental period (6 weeks) rats were housed in individual cages with 
24 h access to water. The premises, in which the experimental rats were housed had a 12:12h 
light cycle with temperature of 21-22oC and humidity of 55-65%. The proper experiment 
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lasted 6 weeks, after which blood from myocardium was collected. Animals were put to 
sleep with the peritoneal injection of Thiopental. 

4.2. Research methods 

4.2.1. Particle size and swelling ability  

The size of particles was analysed with the method of laser difraction with the use of 
Mastersizer S analyser of Malvern Instruments Ltd., Malvern, Great Britain. Particle size 
distribution of examined preparations was measured using the wet process in oil emulsions 
and/or water solutions of concentration within the range of 0.01 – 0.05%. 

4.2.2. Viscosity of water solutions 

Rheometric measurements were conducted with the use of rheo-viscometer of Brookfield 
DV III+ using ULA spindle and DIN-82. Measurement device was coupled with 
RHEOCALC for Windows version 2.l. computer programme, from which dynamic viscovity 
values were read at varied shear velocity. 

4.2.3. Antioxidant properties of preparations with in vitro method 

Antioxidant properties of preparations were marked with spectrophotometric method with 
the use of synthetic radicals ABTS•+ [46]. Antioxidant activity of examined preparations was 
expressed as the ability of an examined preparation to de-activation of cation radicals 
ABTS•+ and as TEAC (Trolox Equivalent Antioxidant Capacity), i.e. µM of Trolox for 1g of 
preparation.  

4.2.4. Lipid content 

Total lipid content was marked with a modified method of Folch et al. [47]. 

Total cholesterol - methyl esters have been prepared, from which 0.5% of the solution 
has been made using toluene as solvent. 1µl was collected from prepared solutions, 
which was dosed with a µ-syringe on the Hewelett-Packard HP 6890 Series GC System 
Plus gas chromatographer with a flame ionization detector (FID) and capilary column 
with polar stationary phase of 30 m length. Stigmasterol produced by Sigma was used as 
a standard.  

Lipid fractions - particular lipid fractions: HDL-cholesterol, and triacylglycerols (TG) in the 
plasma (mmol/L) were enzymatically measured with INTEGRA analyser. The 
concentrations of LDL cholesterol (mg/dL) were calculated as LDL cholesterol = total 
cholesterol – HDL cholesterol - (triacylglycerols/5). Cholesterol was converted from mg/dL 
to mmol/L by multiplying by 0.0259. VLDL-cholesterol was calculated as 1/5 TG [48]. In 
order to calculate the amount of cholesterol expressed in mg/dl for mmol/l, 0.0258 multiplier 
was used. 
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Atherogenic index - atherogenic index was calculated as the relation of assessed lipid 
fraction (HDL-Chol or LDL-Chol) to total cholesterol content (Total-Chol). This index 
allowed for defining the changes of these fraction participation in relation to total 
cholesterol content.  

4.2.5. Statistical analysis 

Data is presented as means ± standard deviation (SD). Obtained results were statistically 
analysed with STATGRAPHIC programme for Windows (v. 4.1.). The data was analysed 
using one-way analysis of variance (ANOVA). When a significant F ratio was found, 
Tukey’s multiple-comparison tests were conducted. Differences were considered significant 
at P<0.05. 

5. Results and discussion 

5.1. Characteristics of physico-chemical properties of used preparations 

Preparations of pure β-glucans and the preparation of dried spent brewer’s yeast examined 
in this work have proven to be efficient in correcting blood lipid metabolism, which has 
been shown in biological experiment on rats, which were given atherogenic diet, containing 
20% of fat and 1% of cholesterol, and at the same time preparations of beta glucans: soluble 
(BG-CMG) and insoluble (BG-HP) or dried, spent brewer’s yeast (SBY). 

These preparations differed in physico-chemical properties, i.e. particle size, solubility, the 
ability of water absorption and viscosity. These properties had a significant influence on the 
final effects obtained after their use in the experiment.  

During the examination of distribution of particle size of powdered β-glucans in comparison 
with spent brewer’s yeast preparations, it has been established that BG-HP preparation 
contained 60% of all particles of 59.4 µm in diameter and only about 5% of about 5 µm in 
diameter. The preparation of soluble β-glucan BG-CMG contained at least three clusters of 
particles of varied size, i.e. appropriately 0.2 µm, 3.5 µm and 90.2 µm, whereas the majority 
of particles (about 20% of all) had a diameter of 90.2 µm. Dried spent brewer’s yeast were 
characterised by three groups of varied size, and their greatest share (over 40%) had the size 
of about 63.6 µm. Dried spent brewer’s yeast particles were similar in size to particles of β-
glucan BG-HP preparation.  

Table 2 presents the percentage cumulated participation of particles in preparation content 
(e.g. d5 means that 5% of particles has the size below the value shown in the table, d50 = 50% 
of particles has the size not exceeding the value presented in the table, etc.). 

Particles of all examined preparations absorbed water during hydration. Preparation of 
native β-glucan BG-HP from brewer’s yeast and dried spent brewer’s yeast did not dissolve 
or dissolved only partially creating unstable water solutions with the tendency to create 
residue. Water solutions of β-glucan BG-CMG preparations were very viscid (65.2 mPas for 
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1% water solution and 574.9 mPas for 3% solution), whereas the preparations of β-glucan 
HP preparations and dried spent brewer’s yeast, dissolved in water only partially, creating 
nonviscid or only slightly viscid solutions (0.4-1.4 mPas) - tab. 3. 

Preparations The size of particles in cumulated values (d) [µm] 
Xśr. [µm] 

 d5 d10 d25 d50 d75 d90 d95 
HP β-glucan 5.2 16.8 32.7 50.14 70.74 93.4 107.3 52.98 
CM β-glucan 0.2 0.48 2.24 17.0 67.7 133.6 174.6 44.62 
SBY 6.61 16.26 34.8 64.5 169.5 325 396.9 119.4 

Table 2. The comparison of cumulated distribution of particle size of examined β-glucans and 
powdered spent brewer’s yeast. 

β-glucan particles isolated from spent brewer’s yeast, in the initial phase of hydration 
increased their volume from 3 (soluble BG-CMG) to about 5 times (insoluble BG-HP). These 
glucans were characterised by the fact that in the final stage of hydration, these particles 
decreased. The increasing, and then decreasing sizes of particles in the initial stage of 
hydration, may constitute the proof of tearing hydrogen and covalency bindings of helix of 
pre-hydrated β-glucans.  

Preparation 
Viscosity for 10 RPM 

[mPas] 
The level of adjustment 

reliance [%] 
1% 3% 1% 3% 

β-glucan BG-CMG 65.2a ± 7.5 574.9a ± 36.3 96.0 ± 2.1 94.4 ± 4.7 
β-glucan BG-HP 1.4c ± 0.2 1.9c ± 0.1 90.0 ± 1.3 93.6 ± 0.9 
SBY 0.4d ± 0.04 1.5d ± 0.04 84.6 ± 4.7 90.9 ± 1.6 

Table 3. The characteristics of viscositya/ of 1% and 3% water solutions of β-glucan preparations in 
comparison with 1% and 3% viscosity of water solutions of spent brewer’s yeast.  
a/ identical letter signs in columns equal the lack of a significant difference between compared mean 
values 

Limited solubility in water of native β-glucan HP might be explained with the presence in 
the structure of long, side chains with bindings β-(1→6), which can cause high crystality and 
insolubility of this β-glucan [6]. 

Weak hydration of complex structure of helix of high molecular weight β-glucans is the 
reason for their mutual intermolecular interactions between β-(1→3)-D and β-(1→6)-D-
glucan bindings, of strenght exceeding the interactions between bindings of β-glucan and 
water particle bindings or another solvent. Lowering of degree of polymerisation of beta 
glucans with β-(1→3)/(1→6)-D-glucan bindings to DP below 20, results in the weakening of 
intermolecular interactions, therefore, creating new bindings between β-glucan particles and 
solvent, causing its dissolution [2,4].  

The apparent improvement of β-glucan solubility in water solutions, without polymer 
degradation, can be achieved by activities stabilizing their scattering in water environment. 
[49]. It is possible to achieve stable scattering of β-glucans in water solutions, e.g. through 
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nonviscid or only slightly viscid solutions (0.4-1.4 mPas) - tab. 3. 

Preparations The size of particles in cumulated values (d) [µm] 
Xśr. [µm] 

 d5 d10 d25 d50 d75 d90 d95 
HP β-glucan 5.2 16.8 32.7 50.14 70.74 93.4 107.3 52.98 
CM β-glucan 0.2 0.48 2.24 17.0 67.7 133.6 174.6 44.62 
SBY 6.61 16.26 34.8 64.5 169.5 325 396.9 119.4 

Table 2. The comparison of cumulated distribution of particle size of examined β-glucans and 
powdered spent brewer’s yeast. 

β-glucan particles isolated from spent brewer’s yeast, in the initial phase of hydration 
increased their volume from 3 (soluble BG-CMG) to about 5 times (insoluble BG-HP). These 
glucans were characterised by the fact that in the final stage of hydration, these particles 
decreased. The increasing, and then decreasing sizes of particles in the initial stage of 
hydration, may constitute the proof of tearing hydrogen and covalency bindings of helix of 
pre-hydrated β-glucans.  

Preparation 
Viscosity for 10 RPM 

[mPas] 
The level of adjustment 

reliance [%] 
1% 3% 1% 3% 

β-glucan BG-CMG 65.2a ± 7.5 574.9a ± 36.3 96.0 ± 2.1 94.4 ± 4.7 
β-glucan BG-HP 1.4c ± 0.2 1.9c ± 0.1 90.0 ± 1.3 93.6 ± 0.9 
SBY 0.4d ± 0.04 1.5d ± 0.04 84.6 ± 4.7 90.9 ± 1.6 

Table 3. The characteristics of viscositya/ of 1% and 3% water solutions of β-glucan preparations in 
comparison with 1% and 3% viscosity of water solutions of spent brewer’s yeast.  
a/ identical letter signs in columns equal the lack of a significant difference between compared mean 
values 

Limited solubility in water of native β-glucan HP might be explained with the presence in 
the structure of long, side chains with bindings β-(1→6), which can cause high crystality and 
insolubility of this β-glucan [6]. 

Weak hydration of complex structure of helix of high molecular weight β-glucans is the 
reason for their mutual intermolecular interactions between β-(1→3)-D and β-(1→6)-D-
glucan bindings, of strenght exceeding the interactions between bindings of β-glucan and 
water particle bindings or another solvent. Lowering of degree of polymerisation of beta 
glucans with β-(1→3)/(1→6)-D-glucan bindings to DP below 20, results in the weakening of 
intermolecular interactions, therefore, creating new bindings between β-glucan particles and 
solvent, causing its dissolution [2,4].  

The apparent improvement of β-glucan solubility in water solutions, without polymer 
degradation, can be achieved by activities stabilizing their scattering in water environment. 
[49]. It is possible to achieve stable scattering of β-glucans in water solutions, e.g. through 
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microwave heating, with temperature range 100-121oC and increased pressure within 4-10 
min. Quite advantageous effects in the modification of physico-chemical properties of β-
glucans are also obtained while using ultrasounds, as the method does not change the 
chemical structure of polymer’s particle size, resulting only in the decrease in the particle 
size, through breaking of the most sensitive chemical bindings. This method is used to 
obtain the so-called micronized β-glucan preparations. The process of micronization 
improves the distribution and stability of slightly soluble powders in water environment. 
The method also leads to permanent reduction of solution viscosity. According to the 
definition in the Polish Pharmacopoeia, micronized powders should contain particles of 
average diameter below 10 µm, at admissible 20% particle content of up to 50 µm diameter.  

CMG β-glucan preparation of modified chemical properties is the example of β-glucan 
examined in this work. HP native beta-glucan obtained from spent brewer’s yeast underwent 
the process of carboxymethylation, and in turn led to obtaining BG-CMG β-glucan preparation 
of modified viscosity, dozen times higher than the viscosity of HP native β-glucan (tab. 3).  

Carboxymethylated β-glucan CMG strongly absorbed water creating solutions of very high 
viscosity and stability, but also not showing properties of sedimentation. Native HP β-glucan 
did not dissolve in water, created nonviscous solutions, and moreover, strongly sedimented. 
Higher viscosity of carboxymethylated CMG β-glucan than native HP β-glucan, despite 
comparable particle size, might be explained by the fact that carboxymethylated CMG β-glucan 
might be characterised by higher particle mass resulting from additional methyl groups 
contained in their structure, which in turn enabled ist stronger hydration and viscosity increase.  

Many biological experiments showed that the change of physicochemical parameters of β-
glucans as a result of chemical or enzymatic modification might lead to the change of their 
pro-health influence, changes in sensoric quality [50, 51], therefore, it is extremely important 
to conduct research in case of each newly obtained preparation. 

During the evaluation of bioactive substance properties very often the evaluation of 
antioxidant properties is conducted, which are also checked for native β-glucan HP and β-
glucan BG-CMG modified through carboxymethylation. The preparations of these β-glucans 
were characterised by varied antioxidant activity expressed as TEAC (the number of Trolox 
milimols for each 1 g of preparation) - Fig. 9.  

 
Figure 9. The antioxidant activity of β-glucan preparations in comparison with spent brewer’s yeast. 
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The preparation of spent brewer’s yeast showed over 50-100 times higher antioxidant 
activity than β-glucan BG-HP isolated from them and β-glucan BG-CMG subject to chemical 
modification. Such high antioxidant activity of spent dried yeast preparation might result 
from squalene contained in the preparation, whose presence was confirmed in parallel 
research at the rate of 125 mg per 100 g of powder.  

5.2. Blood lipid metabolism 

In numerous research conducted on animals and in clinical research on people, 
hypocholesterolemic influence of β-glucans of cereal origin containing (1→3)/(1→4)-β 
bindings has been proven. This influence has been confirmed in case of β-glucans isolated 
from fungi, containing (1→3)/(1→6)-β bindings, however, it has been weaker in comparison 
with cereal β-glucans. However, there is no literature data on the influence of β-glucans from 
spent brewer’s yeast on the lipid metabolism of both experimental animals and people [52, 53]. 

During biological experiment, animals given diets supplemented with β-glucans HP and 
CMG and dried spent brewer’s yeast grew at a comparable pace. Body mass of animals after 
the experiment ranged from 390.8 to 412.3 g, and daily growth ranged from 6.5 to 7.2 g. 
Slight differences between particular groups were not statistically significant. In the groups 
of animals receiving β-glucans or spent brewer’s yeast, feed efficiency ratio (FER) did not 
differ significantly and ranged from 0.36 to 0.38 (tab. 4). 

Group – experimental factor 
Diet intake 

[g/day] 
Feed efficiency ratio FER4/ 

CONTROL 18.1a ± 0.4 0.38a ± 0.03 

β-
gl

uc
an

s BG-CMG10 18.0a ± 04 0.38a ± 0.03 

BG-CMG100 17.7a ± 0.5 0.36a ± 0.03 

BG-HP10 17.7a ± 0.7 0.37a ± 0.04 

BG-HP100 17.9a ± 0.4 0.38a ± 0.02 

SBY – spent brewer’s yeast 17.9a ± 0.9 0.38a ± 0.03 

 SEM 2/ (p3/) 0.067 (0.710) 0.004 (0.874) 

Table 4. The comparison of intake and nutritious efficiency of diets supplemented with β-glucan 
preparations and spent brewer’s yeast1/ (n=63). 
1/ mean values ± standard deviation for n = 7 or 8, 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05, 4/ 

Feed efficiency ratio: body mass growth (g/day) x diet intake-1 (g/day)-1, identical letter signs in columns 
equal the lack of a significant difference between compared mean values 

Table 5 and Fig. 10-11 show the results determing the influence of β-glucans and dried spent 
brewer’s yeast on total cholesterol concentrationm HDL and LDL fraction cholesterol and 
triacylglycerols in rat blood plasma.  

Total cholesterol concentration in the blood of rats in control group, given a model 
atherogenic diet (1% cholesterol, 20% fat) amounted to 3.79 mmol/l and was significantly 
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microwave heating, with temperature range 100-121oC and increased pressure within 4-10 
min. Quite advantageous effects in the modification of physico-chemical properties of β-
glucans are also obtained while using ultrasounds, as the method does not change the 
chemical structure of polymer’s particle size, resulting only in the decrease in the particle 
size, through breaking of the most sensitive chemical bindings. This method is used to 
obtain the so-called micronized β-glucan preparations. The process of micronization 
improves the distribution and stability of slightly soluble powders in water environment. 
The method also leads to permanent reduction of solution viscosity. According to the 
definition in the Polish Pharmacopoeia, micronized powders should contain particles of 
average diameter below 10 µm, at admissible 20% particle content of up to 50 µm diameter.  

CMG β-glucan preparation of modified chemical properties is the example of β-glucan 
examined in this work. HP native beta-glucan obtained from spent brewer’s yeast underwent 
the process of carboxymethylation, and in turn led to obtaining BG-CMG β-glucan preparation 
of modified viscosity, dozen times higher than the viscosity of HP native β-glucan (tab. 3).  

Carboxymethylated β-glucan CMG strongly absorbed water creating solutions of very high 
viscosity and stability, but also not showing properties of sedimentation. Native HP β-glucan 
did not dissolve in water, created nonviscous solutions, and moreover, strongly sedimented. 
Higher viscosity of carboxymethylated CMG β-glucan than native HP β-glucan, despite 
comparable particle size, might be explained by the fact that carboxymethylated CMG β-glucan 
might be characterised by higher particle mass resulting from additional methyl groups 
contained in their structure, which in turn enabled ist stronger hydration and viscosity increase.  

Many biological experiments showed that the change of physicochemical parameters of β-
glucans as a result of chemical or enzymatic modification might lead to the change of their 
pro-health influence, changes in sensoric quality [50, 51], therefore, it is extremely important 
to conduct research in case of each newly obtained preparation. 

During the evaluation of bioactive substance properties very often the evaluation of 
antioxidant properties is conducted, which are also checked for native β-glucan HP and β-
glucan BG-CMG modified through carboxymethylation. The preparations of these β-glucans 
were characterised by varied antioxidant activity expressed as TEAC (the number of Trolox 
milimols for each 1 g of preparation) - Fig. 9.  

 
Figure 9. The antioxidant activity of β-glucan preparations in comparison with spent brewer’s yeast. 
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The preparation of spent brewer’s yeast showed over 50-100 times higher antioxidant 
activity than β-glucan BG-HP isolated from them and β-glucan BG-CMG subject to chemical 
modification. Such high antioxidant activity of spent dried yeast preparation might result 
from squalene contained in the preparation, whose presence was confirmed in parallel 
research at the rate of 125 mg per 100 g of powder.  

5.2. Blood lipid metabolism 

In numerous research conducted on animals and in clinical research on people, 
hypocholesterolemic influence of β-glucans of cereal origin containing (1→3)/(1→4)-β 
bindings has been proven. This influence has been confirmed in case of β-glucans isolated 
from fungi, containing (1→3)/(1→6)-β bindings, however, it has been weaker in comparison 
with cereal β-glucans. However, there is no literature data on the influence of β-glucans from 
spent brewer’s yeast on the lipid metabolism of both experimental animals and people [52, 53]. 

During biological experiment, animals given diets supplemented with β-glucans HP and 
CMG and dried spent brewer’s yeast grew at a comparable pace. Body mass of animals after 
the experiment ranged from 390.8 to 412.3 g, and daily growth ranged from 6.5 to 7.2 g. 
Slight differences between particular groups were not statistically significant. In the groups 
of animals receiving β-glucans or spent brewer’s yeast, feed efficiency ratio (FER) did not 
differ significantly and ranged from 0.36 to 0.38 (tab. 4). 

Group – experimental factor 
Diet intake 

[g/day] 
Feed efficiency ratio FER4/ 

CONTROL 18.1a ± 0.4 0.38a ± 0.03 

β-
gl

uc
an

s BG-CMG10 18.0a ± 04 0.38a ± 0.03 

BG-CMG100 17.7a ± 0.5 0.36a ± 0.03 

BG-HP10 17.7a ± 0.7 0.37a ± 0.04 

BG-HP100 17.9a ± 0.4 0.38a ± 0.02 

SBY – spent brewer’s yeast 17.9a ± 0.9 0.38a ± 0.03 

 SEM 2/ (p3/) 0.067 (0.710) 0.004 (0.874) 

Table 4. The comparison of intake and nutritious efficiency of diets supplemented with β-glucan 
preparations and spent brewer’s yeast1/ (n=63). 
1/ mean values ± standard deviation for n = 7 or 8, 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05, 4/ 

Feed efficiency ratio: body mass growth (g/day) x diet intake-1 (g/day)-1, identical letter signs in columns 
equal the lack of a significant difference between compared mean values 

Table 5 and Fig. 10-11 show the results determing the influence of β-glucans and dried spent 
brewer’s yeast on total cholesterol concentrationm HDL and LDL fraction cholesterol and 
triacylglycerols in rat blood plasma.  

Total cholesterol concentration in the blood of rats in control group, given a model 
atherogenic diet (1% cholesterol, 20% fat) amounted to 3.79 mmol/l and was significantly 
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higher than in all experimental groups. A significantly higher (p=0.043) concentration of 
LDL fractions (1.8 mmol/l) was also observed in the control group. Total cholesterol 
concentration in the blood of rats given β-glucans preparations from spent brewer’s yeast in 
the daily amount equalling 100 mg/kg of bady mass or preparation of spent brewer’s yeast 
ranged from 2.82 to 2.97 mmol/l.The differences between these three groups were, however, 
insignificant statistically. The concentration of LDL-cholesterol fraction ranged in these 
groups respectively from 1.09 to 1.11 mmol/l (tab. 5). 
 

Group – 
experimental factor 

Total cholesterol 
[mmol/l] 

Cholesterol fractions 

HDL [mmol/l] LDL [mmol/l] 
VLDL 

[mmol/l] 
 Control 3.79a ± 0.13 1.58a ± 0.15 1.80a ± 0.12 0.41a ± 0.03 

β-
gl

uc
an

s BG-CMG10 3.23bc ± 0.23 1.52ab ± 0.14 1.35bc ± 0.14 0.26bc ± 0.04 

BG-CMG100 2.95bc ± 0.17 1.51ab ± 0.12 1.11de ± 0.15 0.33bc ± 0.03 

BG-HP10 3.20b ± 0.38 1.56ab ± 0.15 1.31bc ± 0.23 0.31bc ± 0.05 

BG-HP100 2.82bc ± 0.38 1.38ab ± 0.19 1.10e ± 0.19 0.30ab ± 0.16 

SBY 2.97bc ± 0.36 1.39b ± 0.13 1.29bce ± 0.26 0.30bc ± 0.04 
SEM p = 0.0065 p = 0.415 p=0.043 p=0.0295 

Table 5. Selected lipid parameters of peripheral blood in experimental animals given atherogenic diets, 
supplemented with β-glucan preparations and spent brewer’s yeast preparation1/ (n=63). 
1/ mean values ± standard deviation for n = 7 or 8; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of significant difference between compared mean values 

 
Figure 10. The degree of total cholesterol reduction in peripheral blood of experimental animals on 
atherogenic diets caused by diet supplementation with β-glucan preparations and spent brewer’s yeast 
(*/ identical letters indicate no significant difference). 

It was concluded that diet supplementation with spent brewer’s yeast preparation, 
contributed to achieving lower concentration of total cholesterol of 21.6%. In groups of 
animals given diets containing β-glucans in a daily dosage of 10 and 100 mg/kg of body 
mass, the concentration of total cholesterol in blood was lower than in control group of 
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22.2% (in the group with β-glucan BG-CMG100) and of 25.6% (in the group with β-glucan 
BG-HP100) – Fig. 10. In these groups, LDL-cholesterol fraction was respectively lower of 38.3 
to 39.1% in comparison with control group (Fig. 11).  

The type of β-glucans from spent brewer’s yeast (BG-CMG and BG-HP) did not influence 
significantly the level of total cholesterol in blood (p = 0.638), whereas their dosage (p = 
0.002) had a significant influence. In rats from control group on a model athrogenic diet (1% 
cholesterol, 20% fat), cholesterol of HDL fraction amounted to 41.7% of total cholesterol, and 
LDL fraction cholesterol – 47.5%. The use of examined preparations in diet supplementation 
caused changes in the configuration of these fractions leading to lowering the LDL fraction 
participation and increasing percentage participation of HDL fraction cholesterol. Changes 
of these fractions in total cholesterol (LDL-cholesterol fraction below 40% of total 
cholesterol), were particularly visible in groups of rats given CMG and HP β-glucan 
preparations from spent brewer’s yeast in the amount equalling 100 mg/kg of body mass 
daily.  

 
Figure 11. Reduction ratio of LDL and HDL-cholesterol fractions and triacylglycerols in peripheral 
blood of experimental animals on atherogenic diets caused by diet supplementation with β-glucan 
preparations and dried spent brewer’s yeast (*/ identical letters indicate no significant difference).  

Table 6 presents the ratios of atherogenic factors of examined preparations. The ratio of 
HDL fraction to Chol-C and HDL to LDL fractions, after the experiment completion was in 
each case significantly higher in comparison with control group, which suggests that each of 
the examined preparations, regardless of the type and dosage, significantly improves the 
lipid metabolism of animals given atherogenic diet. 

In groups with beta glucan participation, the concentration of triacylglycerols ranged from 
0.67 to 0.76 mmol/l plasma, i.e. was lower in the control group from 14.8 to 25.6% (tab. 7, Fig. 
10). 

Dried spent brewer’s yeast given to animals in a daily dosage of 100 mg/kg of body mass 
contributed to lower the concentration of TG in blood in relation to control group of 27.2% 
(p = 0,008) – tab. 7, Fig. 12.  
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higher than in all experimental groups. A significantly higher (p=0.043) concentration of 
LDL fractions (1.8 mmol/l) was also observed in the control group. Total cholesterol 
concentration in the blood of rats given β-glucans preparations from spent brewer’s yeast in 
the daily amount equalling 100 mg/kg of bady mass or preparation of spent brewer’s yeast 
ranged from 2.82 to 2.97 mmol/l.The differences between these three groups were, however, 
insignificant statistically. The concentration of LDL-cholesterol fraction ranged in these 
groups respectively from 1.09 to 1.11 mmol/l (tab. 5). 
 

Group – 
experimental factor 

Total cholesterol 
[mmol/l] 

Cholesterol fractions 

HDL [mmol/l] LDL [mmol/l] 
VLDL 

[mmol/l] 
 Control 3.79a ± 0.13 1.58a ± 0.15 1.80a ± 0.12 0.41a ± 0.03 

β-
gl

uc
an

s BG-CMG10 3.23bc ± 0.23 1.52ab ± 0.14 1.35bc ± 0.14 0.26bc ± 0.04 

BG-CMG100 2.95bc ± 0.17 1.51ab ± 0.12 1.11de ± 0.15 0.33bc ± 0.03 

BG-HP10 3.20b ± 0.38 1.56ab ± 0.15 1.31bc ± 0.23 0.31bc ± 0.05 

BG-HP100 2.82bc ± 0.38 1.38ab ± 0.19 1.10e ± 0.19 0.30ab ± 0.16 

SBY 2.97bc ± 0.36 1.39b ± 0.13 1.29bce ± 0.26 0.30bc ± 0.04 
SEM p = 0.0065 p = 0.415 p=0.043 p=0.0295 

Table 5. Selected lipid parameters of peripheral blood in experimental animals given atherogenic diets, 
supplemented with β-glucan preparations and spent brewer’s yeast preparation1/ (n=63). 
1/ mean values ± standard deviation for n = 7 or 8; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of significant difference between compared mean values 

 
Figure 10. The degree of total cholesterol reduction in peripheral blood of experimental animals on 
atherogenic diets caused by diet supplementation with β-glucan preparations and spent brewer’s yeast 
(*/ identical letters indicate no significant difference). 

It was concluded that diet supplementation with spent brewer’s yeast preparation, 
contributed to achieving lower concentration of total cholesterol of 21.6%. In groups of 
animals given diets containing β-glucans in a daily dosage of 10 and 100 mg/kg of body 
mass, the concentration of total cholesterol in blood was lower than in control group of 
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22.2% (in the group with β-glucan BG-CMG100) and of 25.6% (in the group with β-glucan 
BG-HP100) – Fig. 10. In these groups, LDL-cholesterol fraction was respectively lower of 38.3 
to 39.1% in comparison with control group (Fig. 11).  

The type of β-glucans from spent brewer’s yeast (BG-CMG and BG-HP) did not influence 
significantly the level of total cholesterol in blood (p = 0.638), whereas their dosage (p = 
0.002) had a significant influence. In rats from control group on a model athrogenic diet (1% 
cholesterol, 20% fat), cholesterol of HDL fraction amounted to 41.7% of total cholesterol, and 
LDL fraction cholesterol – 47.5%. The use of examined preparations in diet supplementation 
caused changes in the configuration of these fractions leading to lowering the LDL fraction 
participation and increasing percentage participation of HDL fraction cholesterol. Changes 
of these fractions in total cholesterol (LDL-cholesterol fraction below 40% of total 
cholesterol), were particularly visible in groups of rats given CMG and HP β-glucan 
preparations from spent brewer’s yeast in the amount equalling 100 mg/kg of body mass 
daily.  

 
Figure 11. Reduction ratio of LDL and HDL-cholesterol fractions and triacylglycerols in peripheral 
blood of experimental animals on atherogenic diets caused by diet supplementation with β-glucan 
preparations and dried spent brewer’s yeast (*/ identical letters indicate no significant difference).  

Table 6 presents the ratios of atherogenic factors of examined preparations. The ratio of 
HDL fraction to Chol-C and HDL to LDL fractions, after the experiment completion was in 
each case significantly higher in comparison with control group, which suggests that each of 
the examined preparations, regardless of the type and dosage, significantly improves the 
lipid metabolism of animals given atherogenic diet. 

In groups with beta glucan participation, the concentration of triacylglycerols ranged from 
0.67 to 0.76 mmol/l plasma, i.e. was lower in the control group from 14.8 to 25.6% (tab. 7, Fig. 
10). 

Dried spent brewer’s yeast given to animals in a daily dosage of 100 mg/kg of body mass 
contributed to lower the concentration of TG in blood in relation to control group of 27.2% 
(p = 0,008) – tab. 7, Fig. 12.  

-2
4.

9a

-3
.8

b

-3
8.

3b

4.
4b

-2
7.

2a

-1
.3

a

-3
9.

1b

-6
.3

c

-2
8.

3a

-1
2.

3d

-45
-40
-35
-30
-25
-20
-15
-10

-5
0

LDL HDL

%
 re

du
ct

io
n 

of
 L

DL
 i 

H
DL

-
Ch

ol
 fr

ac
tio

n BG-CMG10

BG-CMG100

BG-HP10

BG-HP100

SBY



 
Lipid Metabolism 

 

278 

Group – experimental factor 
Atherogenic factors 

HDL/Chol-C HDL/LDL 
CONTROL 0.42a ± 0.03 0.88a ± 0.12 

β-
gl

uc
an

s BG-CMG10 0.49bc ± 0.03 1.16± 0.15b 
BG-CMG100 0.52cd ± 0.04 1.39c ± 0.29 
BG-HP10 0.49bc ± 0.02 1.23bc ± 0.12 
BG-HP100 0.52d ± 0.03 1.36c ± 0.15 

SBY 0.47b ± 0.03 1.09b ± 0.15 
SEM2/ (p3/) 0.006 (0.0001) 0.035 (0.0001) 

Table 6. The comparison of atherogenic factors characteristic of blood of experimental animals given 
atherogenic diets with β-glucan additive and spent brewer’s yeast1/. 
1/ mean values ± standard deviation for n = 7 or 8; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of significant difference between compared mean values 

Group – experimental factor TG – triacylglycerols [mmol/l] 

CONTROL 0.90a ± 0.07 

β-
gl

uc
an

s β-glucan BG-CMG10 0.72b ± 0.06 

β-glucan BG-CMG100 0.67b ± 0.04 

β-glucan BG-HP10 0.74b ± 0.02 

β-glucan BG-HP100 0.76b ± 0.04 
SBY – spent brewer’s yeast 0.66b ± 0.09 

SEM2 (p3) 0.019 (0.008) 

Table 7. Selected lipid parameters of peripheral blood of test animals on atherogenic diets, 
supplemented with β-glucans and the preparation of dried brewer’s yeast 1/. 
1/ mean values ± standard deviation for n = 7 or 8; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of a significant difference between compared mean values 

 
Figure 12. The percentage of lowered (with regard to the control group) the concentration of 
triacylglycerols (TG) in blood plasma in rats on atherogenic diets supplemented with β-glucans and 
dried spent brewer’s yeast (*/ identical letters indicate no significant difference).  
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Two-factor analysis showed the lack of significant influence of the type of β-glucan (soluble 
and insoluble) (p=0.091). Also the dosage of these beta glucans did not influence the 
reduction ratio of TG in rat blood (p=0.786). 

Table 8 compiles the total content of lipids and cholesterol in liver of rats on atherogenic 
diets supplemented with β-glucans and dried spent brewer’s yeast. The content of lipids 
was presented both in the equivalent of the so-called wet tissue and dry mass, whereas 
cholesterol content was presented in the equivalent of wet tissue and in reference to total 
lipid content.  

Group – experimental 
factor 

Lipids Total cholesterol 
g/100 g of wet 

tissue 
g/100 g s.m. of 

the liver 
mg/1 g of wet 

tissue 
mg/g of lipids 

Control 20.9a ± 2.8 47.3bc ± 1.3 82.5a ± 7.5 432.1ab ± 23.7 

β-
gl

uc
an

s BG-CMG10 19.5a ± 3.3 42.0ab ± 2.7 69.9b ± 6.0 352.1c ± 42.6 
BG-CMG100 18.6a ± 3.5 39.6a ± 4.1 67.5bc ± 6.5 340.9c ± 26.4 
BG-HP10 18.4a ± 1.9 42.5ab ± 3.9 66.0bc ± 1.1 361.4c ± 28.1 
BG-HP100 18.7a ± 34 39.1a ± 3.7 65. 1bc ± 5.4 348.3c ± 38.8 

SBY 19.1a ± 2.7 43.4ab ± 4.4 65.1bc ± 5.0 369.1bc ± 30.1 
SEM2/ (p3) 0.110 (0.62) 0.513 (0.007) 14.4 (0.05) 8.16 (0.001) 

Table 8. The content of lipids and cholesterol in the liver of rats on atherogenic diets supplemented 
with β-glucans and dried spent brewer’s yeast.  
1/ mean values ± standard deviation for n = 5 or 6; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05, 
identical letter signs in columns equal the lack of a significant difference between compared mean 
values 

Total lipid content in fresh liver mass of rats did not differ significantly (p=0.110) in all 
groups and ranged from 18.4 to 20.9 g/100 g of wet tissue. Statistical analysis showed that 
the type of tested β-glucans (p=0.287) did not influence the concentration of lipids in the 
liver, whereas significantly better effects were observed when a higher dosage (p=0.003) was 
used.  

In comparison with cholesterol level, it has been stated that neither the type (p=0,444) nor 
the amount of β-glucans (p=0.720) in the diet, significantly influence the cholesterol 
concentration in the liver. 

Table 9 presents the percentage participation of saturated fatty acids (SFA), 
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) in total lipid 
pool in livers. The concentration of these groups of fatty acids was not influenced by the 
used β-glucans, but by their dosage (p=0.018). 

The type of β-glucan from spent brewer’s yeast did not significantly influence the ratio of 
blood lipid parameters metabolism in rats on atherogenic diet containing 1% of cholesterol. 
The concentration of HDL-cholesterol fraction and triacylglycerols in rat blood in this case 
depended neither on the type of β-glucan nor its dosage.  
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Group – experimental factor 
Atherogenic factors 

HDL/Chol-C HDL/LDL 
CONTROL 0.42a ± 0.03 0.88a ± 0.12 

β-
gl

uc
an

s BG-CMG10 0.49bc ± 0.03 1.16± 0.15b 
BG-CMG100 0.52cd ± 0.04 1.39c ± 0.29 
BG-HP10 0.49bc ± 0.02 1.23bc ± 0.12 
BG-HP100 0.52d ± 0.03 1.36c ± 0.15 

SBY 0.47b ± 0.03 1.09b ± 0.15 
SEM2/ (p3/) 0.006 (0.0001) 0.035 (0.0001) 

Table 6. The comparison of atherogenic factors characteristic of blood of experimental animals given 
atherogenic diets with β-glucan additive and spent brewer’s yeast1/. 
1/ mean values ± standard deviation for n = 7 or 8; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of significant difference between compared mean values 

Group – experimental factor TG – triacylglycerols [mmol/l] 

CONTROL 0.90a ± 0.07 

β-
gl

uc
an

s β-glucan BG-CMG10 0.72b ± 0.06 

β-glucan BG-CMG100 0.67b ± 0.04 

β-glucan BG-HP10 0.74b ± 0.02 

β-glucan BG-HP100 0.76b ± 0.04 
SBY – spent brewer’s yeast 0.66b ± 0.09 

SEM2 (p3) 0.019 (0.008) 

Table 7. Selected lipid parameters of peripheral blood of test animals on atherogenic diets, 
supplemented with β-glucans and the preparation of dried brewer’s yeast 1/. 
1/ mean values ± standard deviation for n = 7 or 8; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of a significant difference between compared mean values 

 
Figure 12. The percentage of lowered (with regard to the control group) the concentration of 
triacylglycerols (TG) in blood plasma in rats on atherogenic diets supplemented with β-glucans and 
dried spent brewer’s yeast (*/ identical letters indicate no significant difference).  
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Two-factor analysis showed the lack of significant influence of the type of β-glucan (soluble 
and insoluble) (p=0.091). Also the dosage of these beta glucans did not influence the 
reduction ratio of TG in rat blood (p=0.786). 

Table 8 compiles the total content of lipids and cholesterol in liver of rats on atherogenic 
diets supplemented with β-glucans and dried spent brewer’s yeast. The content of lipids 
was presented both in the equivalent of the so-called wet tissue and dry mass, whereas 
cholesterol content was presented in the equivalent of wet tissue and in reference to total 
lipid content.  

Group – experimental 
factor 

Lipids Total cholesterol 
g/100 g of wet 

tissue 
g/100 g s.m. of 

the liver 
mg/1 g of wet 

tissue 
mg/g of lipids 

Control 20.9a ± 2.8 47.3bc ± 1.3 82.5a ± 7.5 432.1ab ± 23.7 

β-
gl

uc
an

s BG-CMG10 19.5a ± 3.3 42.0ab ± 2.7 69.9b ± 6.0 352.1c ± 42.6 
BG-CMG100 18.6a ± 3.5 39.6a ± 4.1 67.5bc ± 6.5 340.9c ± 26.4 
BG-HP10 18.4a ± 1.9 42.5ab ± 3.9 66.0bc ± 1.1 361.4c ± 28.1 
BG-HP100 18.7a ± 34 39.1a ± 3.7 65. 1bc ± 5.4 348.3c ± 38.8 

SBY 19.1a ± 2.7 43.4ab ± 4.4 65.1bc ± 5.0 369.1bc ± 30.1 
SEM2/ (p3) 0.110 (0.62) 0.513 (0.007) 14.4 (0.05) 8.16 (0.001) 

Table 8. The content of lipids and cholesterol in the liver of rats on atherogenic diets supplemented 
with β-glucans and dried spent brewer’s yeast.  
1/ mean values ± standard deviation for n = 5 or 6; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05, 
identical letter signs in columns equal the lack of a significant difference between compared mean 
values 

Total lipid content in fresh liver mass of rats did not differ significantly (p=0.110) in all 
groups and ranged from 18.4 to 20.9 g/100 g of wet tissue. Statistical analysis showed that 
the type of tested β-glucans (p=0.287) did not influence the concentration of lipids in the 
liver, whereas significantly better effects were observed when a higher dosage (p=0.003) was 
used.  

In comparison with cholesterol level, it has been stated that neither the type (p=0,444) nor 
the amount of β-glucans (p=0.720) in the diet, significantly influence the cholesterol 
concentration in the liver. 

Table 9 presents the percentage participation of saturated fatty acids (SFA), 
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) in total lipid 
pool in livers. The concentration of these groups of fatty acids was not influenced by the 
used β-glucans, but by their dosage (p=0.018). 

The type of β-glucan from spent brewer’s yeast did not significantly influence the ratio of 
blood lipid parameters metabolism in rats on atherogenic diet containing 1% of cholesterol. 
The concentration of HDL-cholesterol fraction and triacylglycerols in rat blood in this case 
depended neither on the type of β-glucan nor its dosage.  
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Literature data shows that hypolipemic activity of cereal β-glucans depends on the particle 
size and therefore, particle mass [54]. Using beta glucans of higher viscosity and higher 
particle mass in diet supplementation gives a better hypocholesterolemic effect [55]. Particle 
mass is a significant factor influencing hypocholesterolemic effect of β-glucans, but also it is 
essential to pay attention to the method of its designation [56]. Due to the variety of 
methods used by different researchers, it is difficult to compare experiment results 
presented by various authors. Hypocholesterolemic effect in people, resulting from cereal β-
glucan intake also depends on the dosage, diet supplementation period and even the age of 
tested people. β-glucan intake in the dosage of 3 g daily for 4 weeks, reduced the cholesterol 
concentration in the blood of children and teenagers with mild hypercholesterolemia of 
about 6-7% [57]. After 40 days of consuming diet containing from 1 to 5% of β-glucan from 
barley, total cholesterol concentration was reduced of 39%, LDL cholesterol fraction of 61% 
and triacylglycerols of 21%. 

Group – 
experimental factor 

% fatty acids in total pool of lipids 

Saturated SFA 
Monounsaturated 

MUFA 
Polyunsaturated 

PUFA 
Control 20.8a ± 2.9 26.7a ± 2.2 48.6ab ± 3.7 

β-
gl

uc
an

s BG-CMG10 19.1abc ± 1.9 26.7a ± 0.6 44.8bc ± 2.4 
BG-CMG100 15.4c ± 1.0 31.7b ± 1.4 51.4a ± 0.7 
BG-HP10 19.2ab ± 4.2 28.7ab ± 4.0 44.6c ± 4.1 
BG-HP100 15.9bc ± 0.6 29.6ab ± 2.5 45.1bc ± 0.1 

SBY 15.9bc ± 0.4 27.0a ± 1.2 50.5a ± 0.7 
SEM2/ (p3/) 0.578 (0.023) 0.856 (0.0001) 0.841 (0.0001) 

Table 9. The percentage participation of fatty acids in total lipid pool of livers in experimental rats 
given β-glucan preparations and spent brewer’s yeast. 
1/ mean values ± standard deviation for n = 5 or 6; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of a significant difference between compared mean 
values 

Significant results were obtained also as a result of 5% supplementation of rats’ diet with β-
glucan from oyster mushroom (Ostreatus Pleurotus). Such a level in the low- and high-
cholesterol diet lowered the concentration of cholesterol, including LDL and VLDL cholesterol 
fractions, in both cases of about 30% in blood plasma and of about 50% in the liver, which was 
simultaneously connected with lowering of HMG - CoA reductase activity [58].  

This work has not confirmed significant differencies between hypocholesterolemic effect of 
carboxymethylated β-glucan (soluble, of higher particle mass) and native β-glucan 
(insoluble).  

The influence of β-glucans on lipid metabolism depends to a large extent on the size of their 
particles. The carboxymethylated β-glucan isolated in the laboratory from baker’s yeast 
Saccharomyces cerevisiae, had a very low hipocholesterolemic activity despite its good 
solubility and high viiscosity. It has been explained by authors by the fact that apart from 
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the process of carboxymethylation, β-glucan underwent additional depolymerisation of 
particles through the use of ultrasounds. It led to a significant lowering of its particle mass, 
and therefore, the direction of its pro-health influence was changed.  

In the research on humans using cereal β-glucans in the diet, an atherogenic factor was 
expressed as the ratio of HDL cholesterol to LDL cholesterol, in almost every case was 
increased in comparison with control group. A similar effect was obtained in the research 
described in this work. Diet supplementation with β-glucan isolated from spent brewer’s 
yeast and preparation of dried yeast influenced the value of HDL/Chol-total ratio and 
HDL/LDL ratio. In each case of diet supplementation, these ratios were significantly more 
advantageous than in control group, which used only atherogenic diet [59]. 

Dried spent brewer’s yeast given to animals in the diet in the amount of 0.5% diet, were as 
efficient as β-glucan preparations prepared from them and helped to lower the 
concentration in blood of: total cholesterol of 21.6%, LDL fraction – of 28.2% and 
triacylogliceroles of 27.2% in relation to control group.  

Available literature data concerning the influence of diet supplementation with yeast 
preparations as the source of dietary fibre concerns in most cases other types or species of 
yeast. In the research on obese men with hypercholesterolemia have shown that intake of 15 
g of fibre from spent brewer’s yeast (containing β-glucan) advantageously lowered the 
concentration of total cholesterol in blood, increasing the concentration of HDL fraction 
cholesterol. Simultaneously, the changes in the concentration of triacylogliceroles in blood 
were not observed. Authors, however, did not give the exact consitution of yeast fibre, 
which made it difficult to compare these results with the results obtained in this work [60].  

Lowering of the concentration of total cholesterol in blood of experimental animals, as a 
result of diet supplementation with yeast, might be the result of not only β-glucan contained 
in them, but also the presence of squalens [61]. The ability of correcting blood lipid 
metabolism as a result of diet supplementation with yeast might result from the prebiotic 
properties of both the whole dried yeast cells and beta glucans contained in them, thanks to 
which the composition of natural bacterial flora can be additionally corrected [62]. 

As the research results show, the degree of liver fatness was significantly influenced by the 
dosage of beta glucans from spent brewer’s yeast, whereas the solubility did not matter 
statistically. Both examined β-glucan preparations were given in daily dosage of 100 mg/kg 
of body mass, efficiently protected the liver against excessive fat layering.  

The type of β-glucans from spent brewer’s yeast and their amount used in the diet did not, 
however, influence the cholesterol concentration in the livers. In comparison with the 
control group, the participation of cholesterol in liver lipids was in each case significantly 
lower. Two-factor analysis of variance showed that the higher dosage of β-glucans in the 
diet, i.e. 100 mg/kg of body mass daily, contributed to higher concentration of 
polyunsaturated fatty acids (PUFA) in livers and simultaneously lower concentration of 
saturated fatty acids (SFA). The dosage of β-glucans did not significanlty influence the 
concentration of monounsaturated fatty acids (MUFA). The concentration of all these 
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Literature data shows that hypolipemic activity of cereal β-glucans depends on the particle 
size and therefore, particle mass [54]. Using beta glucans of higher viscosity and higher 
particle mass in diet supplementation gives a better hypocholesterolemic effect [55]. Particle 
mass is a significant factor influencing hypocholesterolemic effect of β-glucans, but also it is 
essential to pay attention to the method of its designation [56]. Due to the variety of 
methods used by different researchers, it is difficult to compare experiment results 
presented by various authors. Hypocholesterolemic effect in people, resulting from cereal β-
glucan intake also depends on the dosage, diet supplementation period and even the age of 
tested people. β-glucan intake in the dosage of 3 g daily for 4 weeks, reduced the cholesterol 
concentration in the blood of children and teenagers with mild hypercholesterolemia of 
about 6-7% [57]. After 40 days of consuming diet containing from 1 to 5% of β-glucan from 
barley, total cholesterol concentration was reduced of 39%, LDL cholesterol fraction of 61% 
and triacylglycerols of 21%. 

Group – 
experimental factor 

% fatty acids in total pool of lipids 

Saturated SFA 
Monounsaturated 
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Polyunsaturated 

PUFA 
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SBY 15.9bc ± 0.4 27.0a ± 1.2 50.5a ± 0.7 
SEM2/ (p3/) 0.578 (0.023) 0.856 (0.0001) 0.841 (0.0001) 

Table 9. The percentage participation of fatty acids in total lipid pool of livers in experimental rats 
given β-glucan preparations and spent brewer’s yeast. 
1/ mean values ± standard deviation for n = 5 or 6; 2/ SEM – standard error mean; 3/ ANOVA, p < 0.05; 
identical letter signs in columns equal the lack of a significant difference between compared mean 
values 

Significant results were obtained also as a result of 5% supplementation of rats’ diet with β-
glucan from oyster mushroom (Ostreatus Pleurotus). Such a level in the low- and high-
cholesterol diet lowered the concentration of cholesterol, including LDL and VLDL cholesterol 
fractions, in both cases of about 30% in blood plasma and of about 50% in the liver, which was 
simultaneously connected with lowering of HMG - CoA reductase activity [58].  

This work has not confirmed significant differencies between hypocholesterolemic effect of 
carboxymethylated β-glucan (soluble, of higher particle mass) and native β-glucan 
(insoluble).  

The influence of β-glucans on lipid metabolism depends to a large extent on the size of their 
particles. The carboxymethylated β-glucan isolated in the laboratory from baker’s yeast 
Saccharomyces cerevisiae, had a very low hipocholesterolemic activity despite its good 
solubility and high viiscosity. It has been explained by authors by the fact that apart from 
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the process of carboxymethylation, β-glucan underwent additional depolymerisation of 
particles through the use of ultrasounds. It led to a significant lowering of its particle mass, 
and therefore, the direction of its pro-health influence was changed.  

In the research on humans using cereal β-glucans in the diet, an atherogenic factor was 
expressed as the ratio of HDL cholesterol to LDL cholesterol, in almost every case was 
increased in comparison with control group. A similar effect was obtained in the research 
described in this work. Diet supplementation with β-glucan isolated from spent brewer’s 
yeast and preparation of dried yeast influenced the value of HDL/Chol-total ratio and 
HDL/LDL ratio. In each case of diet supplementation, these ratios were significantly more 
advantageous than in control group, which used only atherogenic diet [59]. 

Dried spent brewer’s yeast given to animals in the diet in the amount of 0.5% diet, were as 
efficient as β-glucan preparations prepared from them and helped to lower the 
concentration in blood of: total cholesterol of 21.6%, LDL fraction – of 28.2% and 
triacylogliceroles of 27.2% in relation to control group.  

Available literature data concerning the influence of diet supplementation with yeast 
preparations as the source of dietary fibre concerns in most cases other types or species of 
yeast. In the research on obese men with hypercholesterolemia have shown that intake of 15 
g of fibre from spent brewer’s yeast (containing β-glucan) advantageously lowered the 
concentration of total cholesterol in blood, increasing the concentration of HDL fraction 
cholesterol. Simultaneously, the changes in the concentration of triacylogliceroles in blood 
were not observed. Authors, however, did not give the exact consitution of yeast fibre, 
which made it difficult to compare these results with the results obtained in this work [60].  

Lowering of the concentration of total cholesterol in blood of experimental animals, as a 
result of diet supplementation with yeast, might be the result of not only β-glucan contained 
in them, but also the presence of squalens [61]. The ability of correcting blood lipid 
metabolism as a result of diet supplementation with yeast might result from the prebiotic 
properties of both the whole dried yeast cells and beta glucans contained in them, thanks to 
which the composition of natural bacterial flora can be additionally corrected [62]. 

As the research results show, the degree of liver fatness was significantly influenced by the 
dosage of beta glucans from spent brewer’s yeast, whereas the solubility did not matter 
statistically. Both examined β-glucan preparations were given in daily dosage of 100 mg/kg 
of body mass, efficiently protected the liver against excessive fat layering.  

The type of β-glucans from spent brewer’s yeast and their amount used in the diet did not, 
however, influence the cholesterol concentration in the livers. In comparison with the 
control group, the participation of cholesterol in liver lipids was in each case significantly 
lower. Two-factor analysis of variance showed that the higher dosage of β-glucans in the 
diet, i.e. 100 mg/kg of body mass daily, contributed to higher concentration of 
polyunsaturated fatty acids (PUFA) in livers and simultaneously lower concentration of 
saturated fatty acids (SFA). The dosage of β-glucans did not significanlty influence the 
concentration of monounsaturated fatty acids (MUFA). The concentration of all these 
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groups of fatty acids was not influenced by the type of used β-glucans. Dried spent brewer’s 
yeast, like β-glucans, also contributed to obtaining lower concentration of cholesterol in 
calculation for the wet tissue of the liver.  

Beta glucans, regardless of origin, serve as dietary fibre in the body of mammals, therefore, 
their hipocholesterolemic effect might be associated with the mechanism recognised for 
dietary fibre. The influence of soluble fractions of dietary fibre on the cholesterol 
concentration in the body is known, by binding bile acids in the intestine and consequently 
increases the amount of bile acids excreted in the feces. It results in decreasing the pool of 
bile salt able to take part in the synthesis of cholesterol in liver and disregulation of micellas 
in intestines, which hampers lipid absorption. Cholesterol is used in the synthesis of bile 
acids instead of lipoproteid synthesis, therefore, speeding its circulation, and its 
concentration in plasma lowers [63,64].  

Hipocholesterolemic effect of tested β-glucans might be also compared with the activity of 
known prebiotic (inulin) and oat fibre. Inulin while undergoing fermentation in large 
intestine influences the proportions of produced SCFA [65], decreasing the amount of 
produced octan, and increasing the level of propionic and butyric acid. It is especially 
advantageous, as octan acts as a simulator and propionian as inhibitor of cholesterol 
synthesis [66]. Research in vitro showed that propionic acid hampers cholesterol and fatty 
acid synthesis in the liver. It seems that the combination of increased excretion of bile acid 
with faeces and slight lowering of cholesterol synthesis in liver aims to lower total 
cholesterol concentration and LDL fraction in blood [67]. 

Supplementation of rat diets with β-glucan preparations from spent brewer’s yeast 
examined in this work and the preparation of dried brewer’s yeast contributes to 
advantegous lowering of cholesterol concentration in blood, at simultaneous achieving a 
more advantegous in relations to control group content of bowel microflora, connected 
particularly with increased numer of Bifidobacterium bacteria of lactid acid, which was 
shown in parallelly conducted research.  

It is quite difficult to explain the estimated mechanism of lowering cholesterol concentration 
under the influence of prebiotics. However, increased excretion of cholesterol with faeces 
through hampering the creation of easily digested fatty micellas has been suggested. In rats, 
increased excretion of cholesterol in faeces has been confirmed, and similar research 
presents this mechanism also in people. It is possible that some bacteria of lactid acid can 
assimilate cholesterol directly. There is proof that fructooligosaccharides (FOS) lower the 
synthesis of triacylglycerols in liver, however, so far the mechanism has not been identified.  

Similar significance to probiotics is also attributed to prebiotics. Prebiotics arouse even 
greater interest due to practical means – they are characterised by greater durability than 
probiotics, their activity is not conditioned by micorbe viability after intake and they might 
be added to many food products as one of the ingredients. There is little research available 
concerning the research on people, therefore, most conclusions have been drawn based on 
the research on animals. In rats, for example, after a 5-week inulin administration a 
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significant lowering of triacyloglicerole concentration was observed. In people, however, 
oligofructose administration for 4 weeks did not lead to lowering triacylogliceroles and 
cholesterol [68]. Especially strong influence of prebiotics on lowering VLDL fraction is 
suggested [69]. 

6. Conclusions 

No significant differences have been observed in hypocholesterolemic effect of soluble β-
glucan – (CMG) and insoluble native β-glucan (HP). The results showed that after 
hydration, carboxymethylated β-glucan CMG was characterised by higher viscosity and 
mean particle size amounting to about 90 µm, whereas particles of insoluble HP β-glucan, 
established nonviscous solutions of particle size amounting to about 50 µm and about 320 
µm. Examined β-glucans showed an effective hypocholesterolemic effect. It has been proven 
that they influenced lipid metabolism advantageously, especially in case of LDL fraction 
cholesterol and triacylglycerols (TG). An advantageous HDL/Chol-total factor and 
HDL/LDL factor has also been confirmed. Dried spent brewer’s yeast were given to animals 
in a daily dosage of 100 mg/kg of body mass were as efficient as β-glucans isolated from 
them and they lowered the concentration in blood of: total cholesterol of 21.6%, LDL fraction 
– of 28.2% and triacylglycerols of 27.2% in relation to control group. The research also 
proves that advantageous influence of yeast on lipid metabolism and their level in blood 
might be linked with prebiotic properties of yeast on lipid metabolism, as in the research 
simultaneously conducted by the Author, the advantageous composition of intestine 
microflora was observed (a higher number of lactid acid bacteria of Bifidobacterium type was 
obtained). 

High nucleic acid content in yeast (supplying from 12% to 25% of total nitrogen content) [70] 
limits their use as a traditional ingredient in human nutrition. It has been stated that the 
excess of nucleic acid in the diet of people and most monogastric animals is toxic and results 
in excessive accumulation of uric acid in organism, leading to arthritis. Therefore, it is 
recommended to consume their little portions as diet supplement supplying mainly 
vitamins from B group. 

Numerous research on fish proved that diet supplementation with yeast to a particular level 
(in the amount providing no more than 50% of proteins in the diet), does not show 
disadvantageous health effects, such as abnormal growth, improper nitrogen balance or 
liver diseases [71]. However, only lower diet intake was observed when spent brewer’s 
yeast constituted more than 25% of the diet [70] 

It seems that diet supplementation with dried spent brewer’s yeast S.cerevisiae in the amount 
of 0.5% of the diet contributed significantly to correcting possible disorders in lipid 
metabolism of rats on an atherogenic diet – it enhances lipid changes in organism, 
enhancing their parameters. 

During the research on hypocholesterolemic activity of 81 different yeast strains, showed 
hypocholesterolemic activity of spent brewer’s yeast of male Wistar rats with their  



 
Lipid Metabolism 

 

282 

groups of fatty acids was not influenced by the type of used β-glucans. Dried spent brewer’s 
yeast, like β-glucans, also contributed to obtaining lower concentration of cholesterol in 
calculation for the wet tissue of the liver.  

Beta glucans, regardless of origin, serve as dietary fibre in the body of mammals, therefore, 
their hipocholesterolemic effect might be associated with the mechanism recognised for 
dietary fibre. The influence of soluble fractions of dietary fibre on the cholesterol 
concentration in the body is known, by binding bile acids in the intestine and consequently 
increases the amount of bile acids excreted in the feces. It results in decreasing the pool of 
bile salt able to take part in the synthesis of cholesterol in liver and disregulation of micellas 
in intestines, which hampers lipid absorption. Cholesterol is used in the synthesis of bile 
acids instead of lipoproteid synthesis, therefore, speeding its circulation, and its 
concentration in plasma lowers [63,64].  

Hipocholesterolemic effect of tested β-glucans might be also compared with the activity of 
known prebiotic (inulin) and oat fibre. Inulin while undergoing fermentation in large 
intestine influences the proportions of produced SCFA [65], decreasing the amount of 
produced octan, and increasing the level of propionic and butyric acid. It is especially 
advantageous, as octan acts as a simulator and propionian as inhibitor of cholesterol 
synthesis [66]. Research in vitro showed that propionic acid hampers cholesterol and fatty 
acid synthesis in the liver. It seems that the combination of increased excretion of bile acid 
with faeces and slight lowering of cholesterol synthesis in liver aims to lower total 
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significant lowering of triacyloglicerole concentration was observed. In people, however, 
oligofructose administration for 4 weeks did not lead to lowering triacylogliceroles and 
cholesterol [68]. Especially strong influence of prebiotics on lowering VLDL fraction is 
suggested [69]. 

6. Conclusions 

No significant differences have been observed in hypocholesterolemic effect of soluble β-
glucan – (CMG) and insoluble native β-glucan (HP). The results showed that after 
hydration, carboxymethylated β-glucan CMG was characterised by higher viscosity and 
mean particle size amounting to about 90 µm, whereas particles of insoluble HP β-glucan, 
established nonviscous solutions of particle size amounting to about 50 µm and about 320 
µm. Examined β-glucans showed an effective hypocholesterolemic effect. It has been proven 
that they influenced lipid metabolism advantageously, especially in case of LDL fraction 
cholesterol and triacylglycerols (TG). An advantageous HDL/Chol-total factor and 
HDL/LDL factor has also been confirmed. Dried spent brewer’s yeast were given to animals 
in a daily dosage of 100 mg/kg of body mass were as efficient as β-glucans isolated from 
them and they lowered the concentration in blood of: total cholesterol of 21.6%, LDL fraction 
– of 28.2% and triacylglycerols of 27.2% in relation to control group. The research also 
proves that advantageous influence of yeast on lipid metabolism and their level in blood 
might be linked with prebiotic properties of yeast on lipid metabolism, as in the research 
simultaneously conducted by the Author, the advantageous composition of intestine 
microflora was observed (a higher number of lactid acid bacteria of Bifidobacterium type was 
obtained). 

High nucleic acid content in yeast (supplying from 12% to 25% of total nitrogen content) [70] 
limits their use as a traditional ingredient in human nutrition. It has been stated that the 
excess of nucleic acid in the diet of people and most monogastric animals is toxic and results 
in excessive accumulation of uric acid in organism, leading to arthritis. Therefore, it is 
recommended to consume their little portions as diet supplement supplying mainly 
vitamins from B group. 

Numerous research on fish proved that diet supplementation with yeast to a particular level 
(in the amount providing no more than 50% of proteins in the diet), does not show 
disadvantageous health effects, such as abnormal growth, improper nitrogen balance or 
liver diseases [71]. However, only lower diet intake was observed when spent brewer’s 
yeast constituted more than 25% of the diet [70] 

It seems that diet supplementation with dried spent brewer’s yeast S.cerevisiae in the amount 
of 0.5% of the diet contributed significantly to correcting possible disorders in lipid 
metabolism of rats on an atherogenic diet – it enhances lipid changes in organism, 
enhancing their parameters. 

During the research on hypocholesterolemic activity of 81 different yeast strains, showed 
hypocholesterolemic activity of spent brewer’s yeast of male Wistar rats with their  
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Figure 13. Probable mechanism of hypocholesterolemic effect of beta-glucans and spent brewer’s yeast 
Saccharomyces cerevisiae. 

participation of 10% in the diet [72]. The hypocholesterolemic activities of the yeast varied 
remarkably between strains. In contrast, brewer’s yeast and baker’s yeast, which have been 
predominantly used for food, did not exhibit hypocholesterolemic activity even when 
administered at concentration of 10%. Whereas, during the research on obese men with 
hypocholesterolemy it has been shown that the intake of spent brewer’s yeast considerably 
lowers the concentration of total cholesterol, increasing the concentration of advantageous 
fraction of HDL cholesterol when consumed in the amount supplying 15 g of fiber daily. 
Triacylglycerol concentration in blood did not change considerably [60]. The yeast-derived b-
glucan fiber significantly lowered total cholesterol concentrations and was well tolerated; 
HDL-cholesterol concentrations rose, but only 4 weeks after the fiber was stopped. Described 
varied hypocholesterolemic activity of various spent brewer’s yeast results among others 
from the kind of yeast and the amount of their supplementation in the diet. Advantageous 
lowering of cholesterol concentration in the blood of test animals due to diet supplementation 
with yeast can be caused by prebiotic properties of yeast, which corrects natural content of 
bacterial flora [61] or considerably high amount of squalens in yeast lipids [62].  

A probable mechanism of HP beta glucan and insoluble, dried brewer’s yeast influence 
presented in the diagram (Fig. 13) is associated with their advantageous influence on testine 
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peristlsis and lowering HMG (3-hydroxy-3-methylglutaryl) CoA reductase activity, since 
also lowering of cholesterol concentration in liver was obtained.  

The influence of soluble beta glucan fractions (CMG) on cholesterol concentration in the 
body was associated with the ability to bind bile acids in a small testine. It might have led to 
a decrease in bile salt pool able to participate in cholesterol synthesis in liver and 
disregulation of micellas creation in testine, which hampered lipid absorption. Cholesterol 
was then used to a larger extent in bile acid synthesis rather than lipoproteid synthesis, 
therefore, its concentration in blood plasma was decreased. CMG and HP β-glucans given in 
a higher dosage (100 mg/kg of body mass daily), protected the liver more efficiently against 
excessive fat layering. Dried spent brewer’s yeast also contributed to obtaining lower 
cholesterol concentration in liver in comparison with control group.  

7. Requests 

Present interest of consumers to a large extent concerns food that can be used in prevention 
of many diet-dependent diseases, whereas the interest of food industry is directed at the 
search for new ingredients of pro-health influence. The knowledge of functional properties 
of preparations containg β-glucans might be used to shape proper quality of food products 
for special purposes. 

β-Glucan is a valuable functional ingredient and various extraction techniques are available 
for its extraction. Choice of an appropriate extraction technique is important as it may affect 
the quality, structure, rheological properties, molecular weight, and other functional 
properties of the extracted β-glucan. These properties lead to the use of β-glucan into 
various food systems and have important implications in human health.  

Diet supplementation with β-glucans from spent brewer’s yeast and preparation of dried 
spent brewer’s yeast contributed to advantageous lowering of cholesterol concentration in 
blood and lowering lipid concentration in liver. The results described above allow for the 
formulation of the following conclusions: 

1. β-glucan preparations obtained from spent brewer’s yeast and dried spent brewer’s 
yeast show efficient biological activity, connected with the improvement of blood lipid 
profile and liver of experimental animals. 

2. Spent brewer’s yeast show a similar pro-health influence to β-glucans isolated from 
them, therefore, they can be a valuable and much cheaper diet suplement, correcting 
blood lipid metabolism disturbed by atherogenic diet. 

3. β-glucan preparations from spent brewer’s yeast (CMG and HP) given in higher doses 
(100 mg/kg of body mass daily), efficiently protect liver against excessive fat layering. 

Results obtained in the experiment described above with various yeast preparations are 
valuable, since they point out that β-glucans obtained from a new source, i.e. spent brewer’s 
yeast have a hypocholesterolemic effect, similarly to other glucans described in literature. 
Moreover, it has been shown that each of examined β-glucans isolated from spent brewer’s 
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properties of the extracted β-glucan. These properties lead to the use of β-glucan into 
various food systems and have important implications in human health.  

Diet supplementation with β-glucans from spent brewer’s yeast and preparation of dried 
spent brewer’s yeast contributed to advantageous lowering of cholesterol concentration in 
blood and lowering lipid concentration in liver. The results described above allow for the 
formulation of the following conclusions: 
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yeast show efficient biological activity, connected with the improvement of blood lipid 
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3. β-glucan preparations from spent brewer’s yeast (CMG and HP) given in higher doses 
(100 mg/kg of body mass daily), efficiently protect liver against excessive fat layering. 
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yeast was as efficient. Final effect correcting lipid metabolism, particularly various fractions 
of lipids, was more connected with the dose, rather than physic-chemical properties. 

Health advantages contributing to significant cholesterol reduction in blood obtained in 
experiments on animals, might constitute the basis for assuming that similar influence will 
be observed in case of a human body. Therefore, it would be recommended to supplement 
human diet with β-glucans, particularly for people whose diet is abundant in fat and 
cholesterol. Spent brewer’s yeast constituting a serious problem for brewing plants (waste 
material), can be used successfully as a valuable source of beta glucans, which can be used 
as diet supplements or as food additives, e.g. in yoghurts, breakfast desserts or snacks.  

Currently conducted research is the continuation of a presented experiment. It shows that 
atherogenic diet supplementation with beta-glucans or spent brewer’s yeast contributed to 
simultaneous obtaining more advantageous content of testine microflara in relation to 
control group, connected with the increased number of lactid acid bacteria Bifidobacterium 
and Lactobacillus and limited growth frequency of disadvantageous yeast fungi Candida 
albicans. Conducted research on functional properties and biological experiment proves the 
complexity of β-glucan and other fibre preparation influence on experimental animals.  
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1. Introduction 

Viruses constitute important pathogens that can infect animals, including humans and 
plants. Despite their great diversity, viruses share as a common feature the dependence on 
host cell factors to complete their replicative cycle. Among the cellular factors required by 
viruses, lipids play an important role on viral infections [1-4]. The involvement of lipids in 
the infectious cycle is shared by enveloped viruses (those viruses whose infectious particle is 
wrapped by one or more lipid membranes) and non-enveloped viruses [1-4]. Apart from 
taking advantage on cellular lipids that are usually located inside cells, viruses induce 
global metabolic changes on infected cells, leading to the rearrangement of the lipid 
metabolism to facilitate viral multiplication [1,5-11]. In some cases, these alterations produce 
the reorganization of intracellular membranes of the host cell, building the adequate 
microenvironment for viral replication [12,13]. All these findings highlight the intimate 
connections between viruses and lipid metabolism. Along this line, modulation of cellular 
lipid metabolism to interfere with virus multiplication is currently raising as a feasible 
antiviral approach [6,14].  

2. A lipid perspective of the virus life cycle 

Inherent to their condition of obligate intracellular parasites, viruses have to invade a cell 
to complete their replicative cycle. During this step, viruses express their own proteins and 
also co-opt host cell factors for multiplication, including lipids [15]. A schematic view of a 
virus replication cycle is shown in Figure 1. Initial steps of viral infection include the 
attachment of the virus particle to a specific receptor located on the cell surface, in some 
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cases a specific lipid (section 2.1.1). The viral genome has to entry into the host cell to reach 
the replication sites. Different lipids, located either on plasma and/or endosomal 
membranes, can contribute to these processes by enabling receptor clustering, virus 
internalization, or membrane fusion (sections 2.1.2 and 2.1.3). Replication of viral genome 
can take place associated to cellular membranes or other lipid structures, like lipid 
droplets, forming structures termed replication complexes (section 2.2). Newly synthesized 
viral genomes are enclosed inside de novo synthesized viral particles, a process in which 
several lipids can play, again, an important role (section 2.3), especially in the case of 
viruses containing a lipid envelope as an integral component of their infectious particle. 
Then, viral particles maturate to render infectious particles that are released from host cell 
to initiate a new infection cycle. 

 

 
Figure 1. Schematic view of a virus replication cycle. For a detailed description of the different roles of 
lipids during virus infection see the text. 

2.1. Lipids and viral entry 

The viral entry into a host cell to start their replicative cycle involves the attachment of the 
virus particle to a specific receptor(s) located on the cell surface, prior to the introduction of 
the viral genome within the host cell. The latter can take place by internalization of the 
whole viral particle, constituting a sort of minute Trojan horse [16], or by direct penetration 
of viral genome from plasma membrane. During these processes, a variety of specific lipids 
play multiple roles, which may vary between viruses (Table 1). 

Nucleus

Golgi 
complex

Mitochondrion

Endoplasmic
reticulum

Virus-induced
replication complex

Viral genome
release

Viral 
replication

Virus assembly
and release

Expression of
viral factors

Attachment

Virus entry

Cytoplasm

Virus

Host cell

Lipid Involvement in Viral Infections:  
Present and Future Perspectives for the Design of Antiviral Strategies 293 

Virus Lipid Function Refs. 
VSV phosphatidylserine Cellular receptor [17] 
 LBPA Cofactor for membrane fusion [18,19] 
SV40 GM1 Cellular receptor [20] 
 cholesterol Lipid raft-caveola mediated endocytosis [21] 
DENV LBPA Cofactor for membrane fusion [22] 
VACV phosphatidylserine Induction of viral internalization [23] 

Abbreviations used in this Table: DENV, dengue virus; LBPA, lysobisphosphatidic acid; SV40, simian virus 40; VACV, 
vaccinia virus; VSV, vesicular stomatitis virus. 
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The first event of virus infection comprises the recognition of the target cell, which generally 
occurs through the interaction between the virus and a specific receptor on the cell surface. 
Receptors exploited by viruses include different macromolecules like proteins, 
carbohydrates and lipids. An increasing number of viruses is known to attach to lipid-
containing molecules. For instance, members of the Polyomaviridae family use gangliosides, 
being the binding highly specific [24]. The simian virus 40 (SV40) employs exclusively the 
ganglioside GM1, whereas the mouse polyomavirus can use GD1a and GT1b, and BK virus 
can utilize GD1b and GT1b [25-28]. Other important human pathogens, such as influenza 
virus (Orthomyxoviridae) and Human immunodeficiency virus, HIV (Retroviridae), can also 
bind to different gangliosides [29,30]. 

Another example of a virus whose receptor is supposed to be a lipid is the rhabdovirus 
vesicular stomatitis virus (VSV), which seems to gain cell entry through interaction with 
negatively charged phospholipids, like phosphatidylserine [17]. VSV particles interact very 
strongly with membranes containing phosphatidylserine through viral glycoprotein G [31], 
and although it is not actually clear whether phosphatidylserine is the viral receptor [32], a 
direct interaction between the G protein and this lipid could take place in the membrane 
[31].  

On the other hand, some members of the Flaviviridae family -hepatitis C virus (HCV), GB 
virus C/hepatitis G virus and bovine viral diarrhea virus (BVDV)-, use the low-density 
lipoprotein receptor (LDL-R) [33], which is a cholesterol receptor. An interesting case is 
hepatitis C virus (HCV) that requires the interaction with the low-density lipoprotein 
receptor (LDL-R) and with glycosaminoglycans to entry into the cell [8]. The component of 
the virion that interacts with LDL-R likely is a cell-derived lipoprotein, i. e. a viral-
lipoprotein (section 2.3.1). 

2.1.2. Lipids and viral internalization 

Cells use a broad spectrum of mechanisms to internalize substances from their environment. 
Endocytosis is a general term for the internalization of particles, solutes, fluids, and 
membrane components by invagination of the plasma membrane and internalization of the 
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cases a specific lipid (section 2.1.1). The viral genome has to entry into the host cell to reach 
the replication sites. Different lipids, located either on plasma and/or endosomal 
membranes, can contribute to these processes by enabling receptor clustering, virus 
internalization, or membrane fusion (sections 2.1.2 and 2.1.3). Replication of viral genome 
can take place associated to cellular membranes or other lipid structures, like lipid 
droplets, forming structures termed replication complexes (section 2.2). Newly synthesized 
viral genomes are enclosed inside de novo synthesized viral particles, a process in which 
several lipids can play, again, an important role (section 2.3), especially in the case of 
viruses containing a lipid envelope as an integral component of their infectious particle. 
Then, viral particles maturate to render infectious particles that are released from host cell 
to initiate a new infection cycle. 
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resulting membrane vesicles [24,34-36]. The plasma membrane does not present a 
continuous or homogeneous composition. It contains lipid microdomains termed lipid rafts 
[37], characterized by their high content of cholesterol, glycosphinglolipids, 
glycophosphatidylinositol (GPI), anchored proteins like the GPI-anchored, myristoylated 
and palmytoylated proteins, as well as transmembrane proteins [38]. Lipid rafts have been 
associated with various endocytic mechanisms to internalize these membrane regions [39-
42], being the formation of cave-shaped invaginations, termed caveolae, the predominant 
mechanism [24,34]. Lipid rafts have been related to the entry of a number of viruses, for 
example the coronavirus severe acute respiratory syndrome (SARS), murine leukemia virus, 
herpes simplex virus, Japanese encephalitis virus, SV40, and echovirus 1 [34,43-48]. In 
addition, some viruses require cholesterol-enriched microdomains in the viral membrane for 
efficient virus entry, for example influenza virus A, human herpes virus 6, and Canine 
distemper virus [49-51]. On the other hand, some viruses that enter into the cells using 
mechanisms independent of lipid rafts require cholesterol for an efficient internalization. 
This is the case of foot-and-mouth disease virus (FMDV) and human rhinovirus type 2, 
whose entry into cells, by clathrin-mediated endocytosis, requires the presence of plasma 
membrane cholesterol [52,53].  In other viruses such as HIV-1, a requirement of cholesterol 
for viral entry has been documented [47] and related to the clustering of viral receptors, thus 
enabling viral internalization [54]. This role of cholesterol and lipid-rafts has also been 
documented for coxsackievirus B3 (CVB3) infection [55]. 

The plasma membrane also exhibits clusters of other lipids like phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2) [56], which is a minor lipid of the inner leaflet of the plasma 
membrane with an important role in the clathrin-mediated endocytosis [57-60]. Even when 
the number of viruses that use clathrin-mediated endocytosis to entry into the cells is wide 
[61], the importance of this lipid in viral entry has not been analyzed in depth yet. However, 
it has been reported that PI(4,5)P2 production by a specific lipid kinase is crucial for HIV-1 
entry in permissive lymphocytes [62]. Likewise, foot-and-mouth disease virus (FMDV) and 
VSV require the presence of this phospholipid in the plasma membrane for internalization 
(Vázquez-Calvo et al., submitted). 

As commented before, specific lipids located in the viral particles can also play a role on viral 
entry of enveloped viruses [8], including 'those located in' lipid rafts [49-51]. Vaccinia virus 
provides another example of the relationships between lipids located on the viral particle and 
viral entry. In this case, the presence of exposed phosphatidylserine in the viral envelope is 
critical to induce blebs on cellular membrane that promote virus internalization [23]. 

2.1.3. Lipids and viral genome delivery 

Viruses have to release their genome from the particle to enable proper expression of 
viral proteins and genome replication within host cell. In the case of enveloped viruses, 
fusion between viral envelope and cellular membranes is a generalized strategy to 
facilitate these events. This process is assisted by viral proteins termed fusion proteins, 
and results in lipid mixing between the viral envelope and the target cellular membrane 
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[63-66]. Viral fusion occurs either with the plasma membrane for pH-independent 
viruses, or, in the case of viruses entering through receptor-mediated endocytosis, with 
membranes of endocytic organelles in which particles are internalized. There is evidence 
showing that both groups of viruses use fusion proteins that, via hydrophobic segments, 
interact with membrane lipids, leading to conformational changes that make them able 
for fusion [63-66]. Compelling evidence indicates that specific lipids can influence the 
compartment of virus uncoating and viral genome delivery into the cytosol [22,67,68]. A 
number of enveloped viruses take advantage of the low pH inside endosomes to 
promote endosome fusion, permitting viral genome release [69]. Thus, utilization of 
specific lipids allows the virus to ensure membrane fusion at the proper cellular 
compartment. For instance, DENV takes advantage of the anionic late endosome-specific 
lipid bis(monoacylglycero)phosphate (BMP), also named lysobisphosphatidic acid 
(LBPA), to promote virus fusion with the late endosomal membrane [22]. A relevant role 
of LBPA in promoting membrane fusion and lipid mixing has also been shown in VSV 
infection [70]. Initially, VSV envelope fuses with intraluminal vesicles inside 
multivesicular bodies, which later fuse with external membrane of the multivesicular 
body, allowing the release of viral nucleocapsid to the cytosol [18,19]. However, fusion of 
other viruses, such as influenza virus, does not rely on these lipids [70]. Cholesterol, a 
major and vital constituent of eukaryotic cellular membranes, has been implicated in 
promoting lipid transfer and fusion pore expansion in the virus-cell membrane fusion 
mediated by the haemagglutinin of influenza virus [68]. The presence of cholesterol on 
the target membrane also promotes West Nile virus (WNV) membrane fusion activity 
[71], and both cholesterol and sphingolipids, but not lipid-rafts, are required for 
alphavirus fusion [67]. 

Regarding the entry of non-enveloped viruses, it is generally believed that the 
mechanism(s) involved does not include membrane fusion activity. Nevertheless, recent 
data obtained from biochemical and structural studies indicate that the overall 
mechanisms of entry of certain non-enveloped viruses are similar to those of enveloped 
ones, and that capsid proteins can function in these activities in a manner similar to that 
of the membrane viral proteins [72]. For instance, the outer capsid protein VP5 of the 
non-enveloped rotaviruses and orbiviruses, shares secondary structural features with 
fusion proteins of enveloped viruses [73], like the capacity to associate with lipid rafts in 
cellular membranes [72]. These findings indicate that VP5 may be responsible for 
membrane penetration [74]. Post-translational modifications of viral proteins, i.e. 
myristoylation of capsid protein VP4 in poliovirus (PV) and VP2 of polyomavirus, have 
been related to the ability of these proteins to induce pores on cellular membranes for 
genome release [75,76]. 

2.2. Lipids and viral multiplication 

Following entry into the host cell, viruses have to produce accurate self-copies to generate 
new infectious viral particles. To this end, viruses use to recruit cellular factors, including 
lipids and enzymes involved in their metabolism.  
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This is the case of foot-and-mouth disease virus (FMDV) and human rhinovirus type 2, 
whose entry into cells, by clathrin-mediated endocytosis, requires the presence of plasma 
membrane cholesterol [52,53].  In other viruses such as HIV-1, a requirement of cholesterol 
for viral entry has been documented [47] and related to the clustering of viral receptors, thus 
enabling viral internalization [54]. This role of cholesterol and lipid-rafts has also been 
documented for coxsackievirus B3 (CVB3) infection [55]. 
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it has been reported that PI(4,5)P2 production by a specific lipid kinase is crucial for HIV-1 
entry in permissive lymphocytes [62]. Likewise, foot-and-mouth disease virus (FMDV) and 
VSV require the presence of this phospholipid in the plasma membrane for internalization 
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2.2.1. Cellular membranes and viral replication complex assembly 

Viruses co-opt host cell factors to develop the most adequate environment for their 
replication, a feature that is especially highlighted by the viral replication complex found 
assembled inside cells infected with positive strand RNA viruses [2,15,77]. Viruses 
belonging to this group share as a common feature a viral genome consisting of one or more 
RNA molecules of positive polarity that mimic the characteristics of cellular messenger 
RNA (mRNA) to be translated into viral proteins. Positive strand RNA viruses comprise 
several viral families that include important animal (including human) and plant pathogens 
such as Picornaviridae (i.e. PV, FMDV), Flaviviridae (i.e. DENV, WNV, HCV), Caliciviridae (i.e. 
Nowalk virus), Coronaviridae (i.e. SARS coronavirus), or Togaviridae (i.e. rubella virus). 
Replication of positive-strand RNA viruses is tightly associated to intracellular lipid 
membranes derived from different organelles: endoplasmic reticulum, Golgi complex, 
mitochondria, chloroplasts, peroxisomes, vacuoles, endosomes, or lysosomes [2]. Besides 
membranes derived from cellular organelles, these viruses can also usurp cytoplasmic lipid 
droplets for their replication [78,79]. In this way, viral replication results in the induction of 
marked alterations of the intracellular architecture mainly characterized by the remodelling of 
cellular membranes. These alterations include intracellular membrane proliferation and 
changes on shape and size of membranous structures. Consequently, viral replication 
originates a variety of structures that may rely on different mechanisms for their generation 
[12,15]. Examples of these structures (Figure 2) include the formation of convoluted 
membranes and vesicle packets as a result of flavivirus replication [80-82], the development of 
heterogeneous vesicular structures that conform the membranous web found in HCV-infected 
cells [83], or the proliferation of vesicular structures (including double membrane vesicles) in 
cells infected by enteroviruses (a genus within the Picornaviridae family) like PV [84,85].  

Morphological changes on membrane shape induced by viral infections are accompanied by 
an enrichment in the viral and cellular components, including specific proteins and lipids [1-
3,12]. Despite the diversity of the membrane alterations induced, these changes provide the 
physical scaffold for viral replication, thus offering the most suitable platform for viral 
replication complex assembly, and hence increasing the local concentration of specific 
cellular and viral factors necessary for replication [1,12]. In addition, membrane remodelling 
can also improve viral multiplication by hiding viral components from the innate immune 
system [1,12,86]. In flaviviruses (DENV and WNV) the evasion of interferon response has 
been shown to depend on the expression of hydrophobic viral proteins involved in 
membrane rearrangements [87-89]; in particular, the cholesterol content of these membranes 
is important to down regulate the interferon-stimulated antiviral signalling response to 
infection [90]. Related to this, antiviral interferon response also involves down regulation of 
sterol biosynthesis [91]. Likewise, lipid droplets, which can constitute platforms for viral 
replication, also play important roles on the coordination of immune responses [92]. 

All these changes in the membrane morphology and composition result in the formation of 
customized cellular microenvironments that support viral replication and can be actually 
considered novel virus-induced organelles [93-95]. Regarding the lipid composition of these 
structures, great progresses have been recently made (see below) that have uncovered the  
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Figure 2. Distinct alterations on intracellular membrane architecture induced by the infection of 
positive strand RNA viruses. A) Induction of convoluted membranes and vesicle packets in flavivirus 
infected cells. Image corresponds to Vero cells infected with WNV, fixed and processed for transmission 
electron microscopy at 24 h post-infection. B) Proliferation of vesicular structures in enterovirus-
infected cells. Porcine cells (IBRS-2) were infected with the enterovirus swine vesicular disease virus 
(SVDV), fixed, and processed for transmission electron microscopy at 7 h post-infection. For technical 
details related to virus infection and sample preparation see references [81,84]. 

dependence on different cellular lipids for replication complex organization, although their 
roles and importance vary between viruses.  

2.2.2. Cellular lipids involved in viral replication complex assembly 

To render the specific lipid microenvironment adequate for multiplication, viruses co-opt 
cellular machinery for their replication, including host factors involved in different aspects 
of lipid metabolism, i.e. sterol biosynthesis, fatty acid metabolism and synthesis of specific 
phosphoinositides [15]. For instance, a marked alteration of cellular metabolism and an 
increase in fatty acid biosynthetic pathway have been described upon human 
cytomegalovirus (HCMV), DENV or HCV infection [1,5,6,11]. The association of viral 
multiplication with modulation of host cell factors involved in lipid metabolism is not an 
exclusive feature of animal viruses, thus, replication and recombination of the plant 
pathogens tombusviruses has been revealed to rely on host genes involved in lipid 
metabolism [96-99]. Representative examples of cellular factors related to lipid metabolism 
and associated to viral replication are summarized in Table 2. 

Several studies have highlighted the role of the cholesterol and the cholesterol biosynthetic 
pathway in the replication of viruses, including important human pathogens belonging to 
the Flaviviridae family -WNV [90], DENV [110], and HCV [8,111-113]- and to the Caliciviridae 
-Nowalk virus [114]-families. In addition, the cholesterol biosynthetic pathway has also been  
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and associated to viral replication are summarized in Table 2. 

Several studies have highlighted the role of the cholesterol and the cholesterol biosynthetic 
pathway in the replication of viruses, including important human pathogens belonging to 
the Flaviviridae family -WNV [90], DENV [110], and HCV [8,111-113]- and to the Caliciviridae 
-Nowalk virus [114]-families. In addition, the cholesterol biosynthetic pathway has also been  
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Virus Host factor Function Refs. 
BMV Ole1 Fatty acid desaturation [100,101] 
DENV FASN Fatty acid synthesis [102] 
DCV SREBP Fatty acid synthesis [103] 
WNV 3-HMG-CoA reductase Cholesterol synthesis [90] 
TBSV Erg25, SMO1, SMO2 Sterol synthesis [104] 
 INO2 Regulation of phospholipid synthesis [105] 
HCV PI4KIIIα Synthesis of PI4P [106,107] 
PV, CVB3, AiV PI4KIIIβ Synthesis of PI4P [93,108,109] 

Abbreviations used in this Table: AiV, Aichi virus; BMV: brome mosaic virus, CVB3, coxsackievirus B3; DCV, 
Droshophila C virus; DENV, Dengue virus; Erg25, ergosterol enzyme 25; FASN, fatty acid synthase; HCV, Hepatitis C 
virus; 3-HMG-CoA reductase, 3-hydroxy-methyglutaryl-CoA reductase; INO2, inositol-1-phosphate synthase 2; Ole1, 
Delta(9) fatty acid desaturase; PI4KIIIα and β, phosphatidylinositol 4-kinase class III α and β; PI4P, 
phosphatidylinositol 4-phosphate;  PV, poliovirus; SMO1 and 2, sterol4α-methyl-oxidase 1 and 2;  SREBP, sterol 
regulatory element binding protein; TBSV, tomato bushy stunt virus; WNV, West Nile virus. 

Table 2. Examples of host cell genes associated to lipid metabolism and involved in viral replication 

associated to the infection of animal pathogens like African swine fever virus [115]. On the 
other hand, sterols have been involved in the replication of plant pathogens, for example 
tomato bushy stunt virus (TBSV) [104]. Due to the high diversity of viruses that exploit the 
cholesterol biosynthetic pathway for replication, this could consider a common requirement. 
However, replication of viruses may rely on lipids other than cholesterol, as described for 
the alphanodavirus flock house virus (FHV) [116].  

Another major class of lipids that has been related to viral replication are the fatty acids, 
whose metabolism has been shown to be required for the multiplication of viruses such as 
brome mosaic virus (BMV) [100,101], Droshophila C virus (DCV) [103], CVB3 [117], and PV 
[118]. In some cases, in addition to the dependence of cholesterol (discussed in the previous 
paragraph), viral multiplication is also dependent on fatty acid synthesis. Examples of 
viruses sharing both cholesterol and fatty acid requirements include DENV [102], WNV 
[81,102], and HCV [8,112]. Indeed, during DENV infection, the key enzyme responsible for 
fatty acid synthesis, the fatty acid synthase (FASN), is recruited to the viral replication 
complex by direct interaction with the viral protein NS3, enhancing its activity [102]. 
Dependence of DENV replication on fatty acids is shared by mammalian and mosquito host 
cells [9]. Even more, DENV modulates lipid metabolism through induction of a form of 
autophagy that targets lipid droplet stores, promoting the depletion of cellular triglycerides 
and the release of fatty acids. This results on an increase in β-oxidation and ATP production 
that stimulate viral replication [1,5]. Infection with other viruses (HCV or CVB3) also relies 
on fatty acids and results in an increase on FASN expression [117,119], a phenomenon that 
does not occur upon DENV or WNV infection [81,102].  

Besides cholesterol and fatty acids, specific phospholipids can also play a key role in viral 
replication. For instance, replication of TBSV and FHV is dependent on phospholipid 
biosynthesis [105]. Replication of FHV was initially associated to glycerophospholipids, 
being independent of cholesterol or sphingomyelin (a membrane phospholipid that is not 
derived from glycerol) [116]. However, recent advances on the biology of FHV indicate that 
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its replication is based on the outer mitochondrial membrane and is dependent on the 
anionic phospholipid cardiolipin, which is almost exclusive of these membranes [120]. In 
this regard, more than 20 years ago, phospholipids were already associated to the 
replication of PV, a member of the Picornaviridae family [121]. More recently, this 
relationship has been confirmed after the identification of a specific phospholipid, the 
phosphatidylinositol 4 phosphate (PI4P), as a key component of PV replication complexes 
[93]. Requirement of PI4P is shared by other members of the Picornaviridae family - CVB3, 
Aichi virus (AiV), bovine kubovirus, and human rhinovirus 14 [93,108,109,122]- and also by 
viruses from other families, i.e. HCV [93,106,107,123-126]. All these viruses can specifically 
recruit different isoforms of the enzyme that drives the formation of PI4P from 
phosphatidylinositol, the phosphatidylinositol 4-kinase class III (PI4KIII) α or β, to their 
replication complexes. For instance, HCV recruits the lipid kinase PI4KIIIα by direct 
interaction with viral protein NS5A [125,127], while in picornaviruses, the recruitment of 
PI4KIIIβ can be mediated by the interaction of viral protein 3A with a third cellular partner 
associated to the viral replication complex, ABC3D (acyl-coenzyme A binding domain 
containing 3) [108] or other proteins implicated in the secretory pathway [93]. The 
dependence on either PI4KIIIα or β isoforms varies between viruses. Replication of 
picornaviruses is specifically associated to PI4P synthesized by PI4KIIIβ [93,108,109,122], 
while replication of HCV has been mainly associated to the function of PI4KIIIα [106,107], 
and in a lower extent to PI4KIIIβ [93,126]. In any case, PI4P is not universally required 
among viruses, since the replication of the flaviviruses (WNV and DENV), and the 
pestivirus bovine viral diarrhea virus (all members of the Flaviviridae family, like HCV) has 
been shown to be independent of PI4P [81,106,125]. 

2.2.3. Lipid functions associated to viral genome replication 

The presence of specific lipids in the viral replication complex can accomplish with several 
missions. For instance, post-translational modification of viral proteins by lipids is 
associated to viral replication functions [128,129]. Table 3 displays representative examples 
of lipid functions during viral replication.  
 

Virus Lipid Function Refs. 
BMV fatty acids Increase in membrane plasticity and fluidity [100,101] 
DENV fatty acids Energy production to support viral replication [5] 
PV PI4P Anchor of viral replicase to replication complex [93] 
FHV cardiolipin Anchor of viral replicase to replication complex [120] 
HCV sphingomyelin Activation of RNA polymerase activity [130] 
WNV cholesterol Innate immune evasion [90] 

Abbreviations used in this table: BMV, brome mosaic virus; HCV, hepatitis C virus; DENV, Dengue virus; FHV, flock 
house virus; PI4P, phosphatidylinositol 4-phosphate; PV, poliovirus; WNV, West Nile virus. 

Table 3. Examples of lipid roles during viral replication 

Lipids can contribute to viral replication by acting as scaffolding molecules to anchor viral 
proteins. In PV, location of specific phospholipids (PI4P) to the viral replication sites 
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associated to the infection of animal pathogens like African swine fever virus [115]. On the 
other hand, sterols have been involved in the replication of plant pathogens, for example 
tomato bushy stunt virus (TBSV) [104]. Due to the high diversity of viruses that exploit the 
cholesterol biosynthetic pathway for replication, this could consider a common requirement. 
However, replication of viruses may rely on lipids other than cholesterol, as described for 
the alphanodavirus flock house virus (FHV) [116].  

Another major class of lipids that has been related to viral replication are the fatty acids, 
whose metabolism has been shown to be required for the multiplication of viruses such as 
brome mosaic virus (BMV) [100,101], Droshophila C virus (DCV) [103], CVB3 [117], and PV 
[118]. In some cases, in addition to the dependence of cholesterol (discussed in the previous 
paragraph), viral multiplication is also dependent on fatty acid synthesis. Examples of 
viruses sharing both cholesterol and fatty acid requirements include DENV [102], WNV 
[81,102], and HCV [8,112]. Indeed, during DENV infection, the key enzyme responsible for 
fatty acid synthesis, the fatty acid synthase (FASN), is recruited to the viral replication 
complex by direct interaction with the viral protein NS3, enhancing its activity [102]. 
Dependence of DENV replication on fatty acids is shared by mammalian and mosquito host 
cells [9]. Even more, DENV modulates lipid metabolism through induction of a form of 
autophagy that targets lipid droplet stores, promoting the depletion of cellular triglycerides 
and the release of fatty acids. This results on an increase in β-oxidation and ATP production 
that stimulate viral replication [1,5]. Infection with other viruses (HCV or CVB3) also relies 
on fatty acids and results in an increase on FASN expression [117,119], a phenomenon that 
does not occur upon DENV or WNV infection [81,102].  

Besides cholesterol and fatty acids, specific phospholipids can also play a key role in viral 
replication. For instance, replication of TBSV and FHV is dependent on phospholipid 
biosynthesis [105]. Replication of FHV was initially associated to glycerophospholipids, 
being independent of cholesterol or sphingomyelin (a membrane phospholipid that is not 
derived from glycerol) [116]. However, recent advances on the biology of FHV indicate that 
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its replication is based on the outer mitochondrial membrane and is dependent on the 
anionic phospholipid cardiolipin, which is almost exclusive of these membranes [120]. In 
this regard, more than 20 years ago, phospholipids were already associated to the 
replication of PV, a member of the Picornaviridae family [121]. More recently, this 
relationship has been confirmed after the identification of a specific phospholipid, the 
phosphatidylinositol 4 phosphate (PI4P), as a key component of PV replication complexes 
[93]. Requirement of PI4P is shared by other members of the Picornaviridae family - CVB3, 
Aichi virus (AiV), bovine kubovirus, and human rhinovirus 14 [93,108,109,122]- and also by 
viruses from other families, i.e. HCV [93,106,107,123-126]. All these viruses can specifically 
recruit different isoforms of the enzyme that drives the formation of PI4P from 
phosphatidylinositol, the phosphatidylinositol 4-kinase class III (PI4KIII) α or β, to their 
replication complexes. For instance, HCV recruits the lipid kinase PI4KIIIα by direct 
interaction with viral protein NS5A [125,127], while in picornaviruses, the recruitment of 
PI4KIIIβ can be mediated by the interaction of viral protein 3A with a third cellular partner 
associated to the viral replication complex, ABC3D (acyl-coenzyme A binding domain 
containing 3) [108] or other proteins implicated in the secretory pathway [93]. The 
dependence on either PI4KIIIα or β isoforms varies between viruses. Replication of 
picornaviruses is specifically associated to PI4P synthesized by PI4KIIIβ [93,108,109,122], 
while replication of HCV has been mainly associated to the function of PI4KIIIα [106,107], 
and in a lower extent to PI4KIIIβ [93,126]. In any case, PI4P is not universally required 
among viruses, since the replication of the flaviviruses (WNV and DENV), and the 
pestivirus bovine viral diarrhea virus (all members of the Flaviviridae family, like HCV) has 
been shown to be independent of PI4P [81,106,125]. 

2.2.3. Lipid functions associated to viral genome replication 

The presence of specific lipids in the viral replication complex can accomplish with several 
missions. For instance, post-translational modification of viral proteins by lipids is 
associated to viral replication functions [128,129]. Table 3 displays representative examples 
of lipid functions during viral replication.  
 

Virus Lipid Function Refs. 
BMV fatty acids Increase in membrane plasticity and fluidity [100,101] 
DENV fatty acids Energy production to support viral replication [5] 
PV PI4P Anchor of viral replicase to replication complex [93] 
FHV cardiolipin Anchor of viral replicase to replication complex [120] 
HCV sphingomyelin Activation of RNA polymerase activity [130] 
WNV cholesterol Innate immune evasion [90] 

Abbreviations used in this table: BMV, brome mosaic virus; HCV, hepatitis C virus; DENV, Dengue virus; FHV, flock 
house virus; PI4P, phosphatidylinositol 4-phosphate; PV, poliovirus; WNV, West Nile virus. 

Table 3. Examples of lipid roles during viral replication 

Lipids can contribute to viral replication by acting as scaffolding molecules to anchor viral 
proteins. In PV, location of specific phospholipids (PI4P) to the viral replication sites 
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mediates direct recruitment of the RNA dependent RNA polymerase (the enzyme that 
replicates the viral genome), which specifically interacts with this lipid [93]. The RNA 
polymerase of FHV also interacts with a specific phospholipid, the cardiolipin located on the 
outer mitochondrial membrane, where its replication takes place [120]. In addition to these 
examples, different events related to the replication of viral genomes are also influenced by 
specific phospholipids [131,132]. The activation of HCV replication due to a direct binding 
of sphingomyelin to HCV RNA polymerase has also been documented [130]. 

Proper topology of viral replication complexes usually depends on the induction of a 
membrane curvature, which may require the presence of specific proteins [133]. Membrane 
curvature can also be induced by modification of its lipid structure, either through changes 
in the polar head group or in the acyl chain composition [2,134]. Thus, during BMV 
infection, the function of an allele of delta9 fatty acid desaturase, an enzyme that introduces 
double bond in unsaturated fatty acids, has been associated to viral replication complex 
assembly to increase membrane fluidity and plasticity [100,101]. The accumulation of cone-
shaped lipids, such as lysophospholipids, which contain single acyl chain per phospholipid 
molecule, and of special lipids like cholesterol or cardiolipin, has been associated with 
alterations on the membrane curvature and plasticity that can contribute to replication 
complex assembly [1,2,135].  

As commented before, the membrane rearrangements resulting from replication complex 
assembly can also contribute to evade the cellular immune response by hiding viral 
components from pathogen sensors of the innate immune machinery. Thus, WNV-induced 
redistribution of cellular cholesterol contributes to down regulate the interferon-stimulated 
antiviral signalling response to infection [90]. 

Finally, the reorganization of cellular lipid metabolism during infection can also contribute 
to the generation of ATP in order to provide energy to support robust viral replication [1,5]. 

2.3. Lipids and viral morphogenesis 

Most enveloped-viruses acquire their lipid membrane by budding through a cellular 
membrane that can be provided by different sources. For instance, flaviviruses (i.e. DENV or 
WNV) bud into the endoplasmic reticulum for acquisition of their envelope [80,82], while 
VSV (Figure 3), influenza, or HIV acquire their envelope by budding from plasma 
membrane [136-139]. In other cases, different cellular organelles can contribute with distinct 
membranes to virus envelopment, is reported for herpersvirus and poxvirus [140-142]. 
Viruses can take advantage of specific parts of the membrane for their assembly. Cholesterol 
and lipid raft microdomains play an important role on the assembly of a variety of viruses 
[136-138,143]. In HIV, the presence of PI(4,5)P2 on the membrane is also necessary for 
assembly and budding of viral particles, and the viral protein Gag localizes to assembly sites 
via the interaction with this lipid [144]. The synthesis of fatty acids has also been associated 
to the envelopment of viruses [6].  

Other cellular lipid structures play a role on the assembly of a number of viruses. Thus, of 
intracellular lipid droplets have been associated with the assembly and morphogenesis 
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Figure 3. Virus budding through the plasma membrane. Images correspond to BHK-21 cells infected 
with the rhabdovirus VSV, fixed, and processed for transmission electron microscopy at 7 h post-
infection. For technical details related to virus infection and sample preparation see [145]. 

of DENV and HCV [78,79,146]. Assembly of HCV particles occurs on the surface of lipid 
droplets and, as mentioned earlier, it is related to the very low density lipoprotein (VLDL) 
pathway, a phenomenon that leads to the formation of unique lipo-viro-particles [4,147]. 
The lipoprotein component associated to HCV particles is essential for their infectivity [148], 
since one of its functions is to interact with LDL-R, thus contributing to viral attachment 
(section 2.1.1). 

Lipids incorporated to viral proteins due to post-translational modifications are also 
involved in crucial steps of enveloped virus assembly [149,150]. Regarding morphogenesis 
of non-enveloped viruses, myristoylation of VP4 protein of PV and FMDV has been shown 
necessary for proper capsid assembly [151,152]. 

2.3.1. Lipid composition of enveloped viruses  

Differences on the lipid composition of the viral membranes may reflect their different 
origin. Despite that the lipid content of enveloped viruses has been studied for decades [153-
155], quantitative analyses of viral lipidomes (the entire content of lipids) at the individual 
molecular species level have not been possible until recently, by means of the improvement 
of mass spectrometry [3,139]. Following this approach, several studies have extended the 
knowledge on viral lipid composition. Nevertheless, drawbacks associated to the 
purification of cellular membranes, in particular the plasma membrane, still complicate the 
analysis of lipid sorting during viral budding [3]. 

As commented above, viral membranes can be originated from varied cellular sources 
(section 2.3). The lipid composition of both Semliki Forest virus (SFV) and VSV is 
indistinguishable and only displays slight differences with that of the plasma membrane 
[139]. Being SFV and VSV from different viral families (Togaviridae and Rhabdoviridae, 
respectively), these viruses constitute an example of little selection of the lipids included in 
their envelopes. Since the composition of the viral envelopes of both viruses is similar to that 
of the plasma membrane, the small differences observed between plasma membrane and 
these viral envelopes could be explained by the enrichment in specific lipids to facilitate the 
membrane curvature required for viral budding [139].  

In the case of retroviruses (i.e. HIV and murine leukaemia virus), the overall lipid 
composition of viral envelopes resembles that of detergent-resistant membrane 



 
Lipid Metabolism 300 

mediates direct recruitment of the RNA dependent RNA polymerase (the enzyme that 
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examples, different events related to the replication of viral genomes are also influenced by 
specific phospholipids [131,132]. The activation of HCV replication due to a direct binding 
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assembly to increase membrane fluidity and plasticity [100,101]. The accumulation of cone-
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molecule, and of special lipids like cholesterol or cardiolipin, has been associated with 
alterations on the membrane curvature and plasticity that can contribute to replication 
complex assembly [1,2,135].  

As commented before, the membrane rearrangements resulting from replication complex 
assembly can also contribute to evade the cellular immune response by hiding viral 
components from pathogen sensors of the innate immune machinery. Thus, WNV-induced 
redistribution of cellular cholesterol contributes to down regulate the interferon-stimulated 
antiviral signalling response to infection [90]. 

Finally, the reorganization of cellular lipid metabolism during infection can also contribute 
to the generation of ATP in order to provide energy to support robust viral replication [1,5]. 
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Most enveloped-viruses acquire their lipid membrane by budding through a cellular 
membrane that can be provided by different sources. For instance, flaviviruses (i.e. DENV or 
WNV) bud into the endoplasmic reticulum for acquisition of their envelope [80,82], while 
VSV (Figure 3), influenza, or HIV acquire their envelope by budding from plasma 
membrane [136-139]. In other cases, different cellular organelles can contribute with distinct 
membranes to virus envelopment, is reported for herpersvirus and poxvirus [140-142]. 
Viruses can take advantage of specific parts of the membrane for their assembly. Cholesterol 
and lipid raft microdomains play an important role on the assembly of a variety of viruses 
[136-138,143]. In HIV, the presence of PI(4,5)P2 on the membrane is also necessary for 
assembly and budding of viral particles, and the viral protein Gag localizes to assembly sites 
via the interaction with this lipid [144]. The synthesis of fatty acids has also been associated 
to the envelopment of viruses [6].  

Other cellular lipid structures play a role on the assembly of a number of viruses. Thus, of 
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2.3.1. Lipid composition of enveloped viruses  

Differences on the lipid composition of the viral membranes may reflect their different 
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molecular species level have not been possible until recently, by means of the improvement 
of mass spectrometry [3,139]. Following this approach, several studies have extended the 
knowledge on viral lipid composition. Nevertheless, drawbacks associated to the 
purification of cellular membranes, in particular the plasma membrane, still complicate the 
analysis of lipid sorting during viral budding [3]. 

As commented above, viral membranes can be originated from varied cellular sources 
(section 2.3). The lipid composition of both Semliki Forest virus (SFV) and VSV is 
indistinguishable and only displays slight differences with that of the plasma membrane 
[139]. Being SFV and VSV from different viral families (Togaviridae and Rhabdoviridae, 
respectively), these viruses constitute an example of little selection of the lipids included in 
their envelopes. Since the composition of the viral envelopes of both viruses is similar to that 
of the plasma membrane, the small differences observed between plasma membrane and 
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microdomains [156,157]. An enrichment in PI(4,5)P2 has also been documented in HIV 
envelope, which is compatible with the dependence on the interaction between the viral 
protein Gag and this lipid to promote HIV budding from plasma membrane [157]. Another 
virus that buds from membrane rafts is influenza virus [138]. The lipidome of this virus has 
been analyzed for viruses budding from the apical membrane of polarized cells [158]. This 
study revealed that that the apical cellular membrane was enriched in sphingolipids and 
cholesterol, whereas glycerophospholipids were reduced, and storage lipids were depleted 
compared with the whole-cell membranes. These results are consistent with an 
accumulation of lipid rafts at the membranes where the virus buds. In addition, the virus 
membrane exhibited a further enrichment of sphingolipids and cholesterol when compared 
with the donor membrane at the expense of phosphatidylcholines [158].  

In other cases, major differences in lipid content between viral envelopes and host cell 
membranes have been found. An interesting example is the envelope of HCMV, which 
contains more phosphatidylethanolamines and less phosphatidylserines than the host cell 
membranes, resembling the synaptic vesicle lipidome [159]. Another virus with marked 
differences with cellular membranes is HCV, whose particles show a unique lipid 
composition in comparison with all other viruses analyzed to date. In addition, the lipid 
content of the HCV envelope is also different from that of the cells in which it was produced 
(cholesteryl esters comprise almost half of the total HCV lipids), resembling the composition 
of VLDL and LDL [160]. This finding is compatible with the association of HCV assembly 
with the VLDL pathway that leads to the formation of lipo-viro-particles [4,147]. 

3. Targeting lipid metabolism, a novel antiviral strategy  

Specific lipids are essential for multiple steps of the viral replication cycle and, therefore, 
different strategies can be used to interfere with virus infection. As a first approach to inhibit 
enveloped virus multiplication, the functions of lipids incorporated into the viral particle 
can be targeted by chemical compounds or even by antibodies [161]. This is the case of 
broad-spectrum antivirals, − some of them already licensed for human use, such as arbidol 
[162-164] −, or inhibitors of membrane fusion [3]. Impairment of viral fusion can be achieved 
also by targeting viral machinery involved in this process, a strategy currently assayed for 
HIV treatment [165]. 

An alternative, non-excluding lipid-targeted strategy to prevent viral multiplication is based 
on inhibitors of enzymes that catalyse lipid metabolic fluxes upregulated by viral infections 
[6]. Examples of compounds that act at distinct points of lipid metabolism and with reported 
antiviral activity in vitro are given in Table 4. Targeting lipid metabolism as an antiviral 
strategy raises important concerns. On one hand, alteration of such important metabolic 
pathway for cellular homeostasis may resemble a non-specific strategy, which could result 
in deleterious effects for the host. However, it should be also considered that currently 
antiviral compounds also target other major metabolic pathways, i.e. that of nucleic acids 
metabolism [166-169]. On the other hand, targeting host factors to avoid viral replication 
could also carry advantages. Drugs that target host factors seem to be less susceptible to the 
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development of viral resistance than strategies focused on viral proteins. Another advantage 
of this approach is that compounds targeting a specific group of lipids can successfully 
inhibit replication of different unrelated viruses (Table 4), thus constituting candidates for 
broad-spectrum antiviral drugs. These facts make that the use of drugs that impair different 
aspects of lipid metabolism has been proposed as a feasible antiviral approach [1,6,14].  
 

Target lipid Inhibitor Antiviral activity against Refs. 
Cholesterol Statins HIV, HCV, influenza [170-176] 
 U18666A DENV, HCV [113,177] 
Fatty acids TOFA HCMV, Influenza [6] 
 C75 HCMV, DENV, YFV, WNV, Influenza, HCV, CVB3 [6,9,81,102,117,119] 
 Cerulenin DENV, WNV, PV, CVB3 [81,102,117,121] 
 Arachidonate HCV [178] 
 Oleic acid PV [118] 
PI4P Enviroxime-

like 
PV, AiV [108,109] 

 PIK93 PV, CVB3, CVB5 [81,93,109] 
 AL-9 HCV [179] 
Sphingolipids Myriocin Hepatitis B virus, HCV [180-182] 
Multiple Valproic acid VACV, WNV, SFV, SINV, ASFV, VSV, LCMV, 

USUV 
[145] 

Abbreviations used in this table: AiV, Aichi virus; ASFV, African swine fever virus; CVB, coxsackievirus B; C75, trans-
4-carboxy-5-octyl-3-methylene-butyrolactone; DENV, Dengue virus; HCMV, human cytomegalovirus; HCV, hepatitis 
C virus; HIV, human immunodeficiency virus; LCMV, lymphocytic chioriomeningitis virus; PV, poliovirus; SINV, 
Sindbis virus; SFV, Semliki Forest virus; TOFA, 5-tetradecyloxy-2-furoic acid; USUV, Usutu virus; VACV, vaccinia 
virus; VSV, vesicular stomatitis virus; WNV, West Nile virus; YFV, yellow fever virus 

Table 4. Examples of drugs targeting lipid metabolism with reported antiviral activity 

3.1. Targeting cholesterol as an antiviral strategy 

Cholesterol is involved in multiple steps of the viral cycle. Impairment of cholesterol 
biosynthetic pathway by inhibitors of 3-hydroxy-3-methyl-glutaryl-CoaA reductase (3-
HMG-CoA reductase) like statins, commonly used in treatment of cardiovascular disease, 
constitutes a novel antiviral approach [174,175,183]. The clinical success of these inhibitors 
for human disorders also indicates that inhibitors of lipid metabolism can be safe and 
effective for human therapy. An additional effect of the treatment with statins, unrelated to 
the inhibition of 3-HMG-CoA reductase, is the inhibition of the binding of leukocyte 
function-associated antigen-1 (LFA-1) to the intercellular adhesion molecule (ICAM-1) [184], 
thus being immunomodulators and anti-inflammatory agents [185,186]. These properties 
can carry additional advantages for fighting HIV [174-176].  

The infection with the paramyxovirus respiratory syncitial virus (RSV) is dependent on the 
isoprenylation at the carboxy terminus of the cellular protein RhoA by 
geranylgeranyltransferase. Lovastatin, which blocks prenylation pathways in the cell by 
directly inhibiting 3-HMG-CoA reductase, inhibits RSV infection both in cultured cells and 
in mice [183]. Treatment of patients with different statins (i.e. lovastatin, simvastin, or 
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microdomains [156,157]. An enrichment in PI(4,5)P2 has also been documented in HIV 
envelope, which is compatible with the dependence on the interaction between the viral 
protein Gag and this lipid to promote HIV budding from plasma membrane [157]. Another 
virus that buds from membrane rafts is influenza virus [138]. The lipidome of this virus has 
been analyzed for viruses budding from the apical membrane of polarized cells [158]. This 
study revealed that that the apical cellular membrane was enriched in sphingolipids and 
cholesterol, whereas glycerophospholipids were reduced, and storage lipids were depleted 
compared with the whole-cell membranes. These results are consistent with an 
accumulation of lipid rafts at the membranes where the virus buds. In addition, the virus 
membrane exhibited a further enrichment of sphingolipids and cholesterol when compared 
with the donor membrane at the expense of phosphatidylcholines [158].  

In other cases, major differences in lipid content between viral envelopes and host cell 
membranes have been found. An interesting example is the envelope of HCMV, which 
contains more phosphatidylethanolamines and less phosphatidylserines than the host cell 
membranes, resembling the synaptic vesicle lipidome [159]. Another virus with marked 
differences with cellular membranes is HCV, whose particles show a unique lipid 
composition in comparison with all other viruses analyzed to date. In addition, the lipid 
content of the HCV envelope is also different from that of the cells in which it was produced 
(cholesteryl esters comprise almost half of the total HCV lipids), resembling the composition 
of VLDL and LDL [160]. This finding is compatible with the association of HCV assembly 
with the VLDL pathway that leads to the formation of lipo-viro-particles [4,147]. 

3. Targeting lipid metabolism, a novel antiviral strategy  

Specific lipids are essential for multiple steps of the viral replication cycle and, therefore, 
different strategies can be used to interfere with virus infection. As a first approach to inhibit 
enveloped virus multiplication, the functions of lipids incorporated into the viral particle 
can be targeted by chemical compounds or even by antibodies [161]. This is the case of 
broad-spectrum antivirals, − some of them already licensed for human use, such as arbidol 
[162-164] −, or inhibitors of membrane fusion [3]. Impairment of viral fusion can be achieved 
also by targeting viral machinery involved in this process, a strategy currently assayed for 
HIV treatment [165]. 

An alternative, non-excluding lipid-targeted strategy to prevent viral multiplication is based 
on inhibitors of enzymes that catalyse lipid metabolic fluxes upregulated by viral infections 
[6]. Examples of compounds that act at distinct points of lipid metabolism and with reported 
antiviral activity in vitro are given in Table 4. Targeting lipid metabolism as an antiviral 
strategy raises important concerns. On one hand, alteration of such important metabolic 
pathway for cellular homeostasis may resemble a non-specific strategy, which could result 
in deleterious effects for the host. However, it should be also considered that currently 
antiviral compounds also target other major metabolic pathways, i.e. that of nucleic acids 
metabolism [166-169]. On the other hand, targeting host factors to avoid viral replication 
could also carry advantages. Drugs that target host factors seem to be less susceptible to the 
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development of viral resistance than strategies focused on viral proteins. Another advantage 
of this approach is that compounds targeting a specific group of lipids can successfully 
inhibit replication of different unrelated viruses (Table 4), thus constituting candidates for 
broad-spectrum antiviral drugs. These facts make that the use of drugs that impair different 
aspects of lipid metabolism has been proposed as a feasible antiviral approach [1,6,14].  
 

Target lipid Inhibitor Antiviral activity against Refs. 
Cholesterol Statins HIV, HCV, influenza [170-176] 
 U18666A DENV, HCV [113,177] 
Fatty acids TOFA HCMV, Influenza [6] 
 C75 HCMV, DENV, YFV, WNV, Influenza, HCV, CVB3 [6,9,81,102,117,119] 
 Cerulenin DENV, WNV, PV, CVB3 [81,102,117,121] 
 Arachidonate HCV [178] 
 Oleic acid PV [118] 
PI4P Enviroxime-

like 
PV, AiV [108,109] 

 PIK93 PV, CVB3, CVB5 [81,93,109] 
 AL-9 HCV [179] 
Sphingolipids Myriocin Hepatitis B virus, HCV [180-182] 
Multiple Valproic acid VACV, WNV, SFV, SINV, ASFV, VSV, LCMV, 

USUV 
[145] 

Abbreviations used in this table: AiV, Aichi virus; ASFV, African swine fever virus; CVB, coxsackievirus B; C75, trans-
4-carboxy-5-octyl-3-methylene-butyrolactone; DENV, Dengue virus; HCMV, human cytomegalovirus; HCV, hepatitis 
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Sindbis virus; SFV, Semliki Forest virus; TOFA, 5-tetradecyloxy-2-furoic acid; USUV, Usutu virus; VACV, vaccinia 
virus; VSV, vesicular stomatitis virus; WNV, West Nile virus; YFV, yellow fever virus 

Table 4. Examples of drugs targeting lipid metabolism with reported antiviral activity 

3.1. Targeting cholesterol as an antiviral strategy 

Cholesterol is involved in multiple steps of the viral cycle. Impairment of cholesterol 
biosynthetic pathway by inhibitors of 3-hydroxy-3-methyl-glutaryl-CoaA reductase (3-
HMG-CoA reductase) like statins, commonly used in treatment of cardiovascular disease, 
constitutes a novel antiviral approach [174,175,183]. The clinical success of these inhibitors 
for human disorders also indicates that inhibitors of lipid metabolism can be safe and 
effective for human therapy. An additional effect of the treatment with statins, unrelated to 
the inhibition of 3-HMG-CoA reductase, is the inhibition of the binding of leukocyte 
function-associated antigen-1 (LFA-1) to the intercellular adhesion molecule (ICAM-1) [184], 
thus being immunomodulators and anti-inflammatory agents [185,186]. These properties 
can carry additional advantages for fighting HIV [174-176].  

The infection with the paramyxovirus respiratory syncitial virus (RSV) is dependent on the 
isoprenylation at the carboxy terminus of the cellular protein RhoA by 
geranylgeranyltransferase. Lovastatin, which blocks prenylation pathways in the cell by 
directly inhibiting 3-HMG-CoA reductase, inhibits RSV infection both in cultured cells and 
in mice [183]. Treatment of patients with different statins (i.e. lovastatin, simvastin, or 
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fluvastin) resulted in diverse effects on HCV infection, ranging from an absence of antiviral 
effect to a modest improvement of sustained antiviral response, or a reduction of viremia 
[172,173,187-189]. Beneficial effects derived from treatment with statins of infection with 
diverse influenza strains have also been reported in animal models and human studies 
[170,171], although other studies do not support these conclusions [190]. 

Targeting cholesterol in viral infection can be achieved using drugs other than statins, for 
instance U18666A. This is an intracellular cholesterol transport inhibitor widely used to 
block the intracellular trafficking of cholesterol and mimic Niemann-Pick type C disease, 
which also blocks cholesterol biosynthesis by inhibiting oxidosqualene cyclase and 
desmosterol reductase [191]. Treatment with U18666A inhibits DENV infection in cultured 
cells, and the effect of this compound is additive to the inhibitory effect of C75 (an inhibitor 
of FASN), which shows that both, cholesterol and fatty acids, are required for successful 
DENV replication [177]. U18666A also displays an antiviral effect against HCV infection and 
a synergistic effect has been reported when combined with interferon [113]. 

3.2. Inhibitors of fatty acid biosynthesis as potential antiviral compounds 

The biosynthesis of fatty acids plays an important role for multiplication of a wide variety of 
viruses [6,9,81,102]. Pharmacological inhibition of this metabolic pathway can be achieved 
using 5-tetradecyloxy-2-furoic acid (TOFA), an inhibitor of acetyl-CoA carboxylase (ACC) 
[192]. Treatment with this compound has been shown to block replication of HCMV and 
influenza A virus [6]. Although the results derived from these experiments performed in 
model cell culture systems need to be further reproduced using animal models, the 
concentrations of TOFA that successfully inhibit HCMV infection in cultured cells are in the 
range of plasma concentrations found in rats treated with this inhibitor [6]. In HCV, 
treatment with TOFA attenuates the enhancement of replication of HCV induced by ethanol 
[193]. 

On the other hand, treatment with trans-4-carboxy-5-octyl-3-methylene-butyrolactone (C75) 
− an inhibitor of FASN, the key enzyme of fatty acid biosynthetic pathway − also resulted in 
inhibition of the replication of both HCMV and influenza A virus [6]. These experiments 
were performed in cultured cells, and the concentrations of the inhibitor tested did not 
induce host cell toxicity or apoptosis [6]. Similar results have been obtained for DENV, 
yellow fever virus (YFV), WNV, and HCV using the FASN inhibitor C75 [9,81,102,119], or 
cerulenin, another FASN inhibitor [81,102,111]. HMCV, influenza A, DENV, YFV, and WNV 
are enveloped viruses. The antiviral effect of either cerulenin or C75 has also been probed 
for the non-enveloped viruses CVB3 and PV [117,121], enlarging the potential antiviral 
spectrum of FASN inhibitors. However, it should be noted that blockage of FASN by C75 
can cause severe anorexia and weight loss in animal models [194]. This makes of C75 a drug 
not aimed for human use, although it has aided to the identification of potential pathways to 
target obesity [195], and is also contributing to the understanding of the relationship 
between biosynthetic fatty acid synthesis and viral multiplication [6,9,81,102,117]. For 
DENV, a direct interaction between the viral protein NS3 and FASN has been reported 
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[102]. Inhibition of this interaction could contribute to the design of antivirals to fight this 
important human disease. 

Infection of HCV is intimately connected to lipid metabolism, including the fatty acid 
biosynthetic pathway [4,8], and its replication can be inhibited by C75 [119]. Indeed, fatty 
acids can either stimulate or inhibit HCV replication, depending on their degree of 
saturation [112]. Arachidonate, a polyunsaturated fatty acid, also inhibits HCV replication 
[112] via the lipid peroxidation induced by reactive oxygen species (ROS) derived from 
HCV replication that converts polyunsaturated fatty acids into reactive carbonyls that 
inactivate proteins [178]. These events can be prevented by treatment with the antioxidant 
vitamin E [178]. As a result of the connections between fatty acids and cholesterol 
biosynthetic pathways, inhibition of fatty acid synthesis can be also related to the reduction 
of the infection of HCV, through inhibition of the geranylgeranylation of cellular factors 
required for HCV replication [112,196]. The use of unsaturated fatty acids has also been 
applied to block myristoylation of HIV Gag protein to prevent virus budding [150]. 

3.3. Phosphlipids as antiviral targets 

Viral replication also relies on phospholipid biosynthesis [105,121]. This makes drugs 
interfering this pathway candidates for antiviral design. Along this line, the antiviral 
properties of valproic acid - a short chain fatty acid commonly used for the treatment of 
epilepsy and bipolar disorder that impairs multiple aspects of phosphoinositide metabolism 
[197-199] - against a broad panel of enveloped viruses have been reported (Table 4) [145].  

Treatment with a chimeric antibody directed against phospahtidylserine can cure arenavirus 
and cytomegalovirus infections in animal models [200]. The mechanism of action of this 
therapy is based on the exposure of phosphatidylserine on the external leaflet of the plasma 
membrane, a preapoptotic event in cells infected by a broad variety of viruses. The safety 
and pharmacokinetics of this antibody have been already evaluated in clinical trials for 
treatment of other human disorders [201]. Another example of the use of anti-
phospholipidantibodies to combat a viral disease is provided by HIV, since different anti-
phospholipid antibodies have shown a broad neutralizing activity against this virus [161]. 

Recent reports have highlighted the role of a specific phospholipid species, PI4P, in the 
replication of enteroviruses (PV, CVB3) and HCV (section 2.2.2). The synthesis of PI4P 
associated to viral replication relies on the function of the cellular enzymes PI4KIIIα and β. 
This makes both lipid kinases potential drug targets for antiviral design. An inhibitor of 
PI4KIIIβ, PIK93 [202], has been shown to impair replication of enteroviruses [81,93,109]. 
Related reports have also uncovered that this enzyme is the cellular target of known 
antiviral compounds against enteroviruses [109]. This is so for some enviroxime-like 
compounds − T-00127-HEV1 and GW5074 [93] −  that integrate a group of antivirals that 
inhibits enterovirus replication, for which mutations conferring drug resistance mapped to 
the same region of the enteroviral protein 3A [109,203-205]. The recruitment of PI4KIIIβ to 
viral replication complexes requires the participation of cellular partners like the Golgi 
adaptor protein acyl coenzyme A (acyl-CoA) binding domain protein 3 (ACBD3/GPC60), as 



 
Lipid Metabolism 304 

fluvastin) resulted in diverse effects on HCV infection, ranging from an absence of antiviral 
effect to a modest improvement of sustained antiviral response, or a reduction of viremia 
[172,173,187-189]. Beneficial effects derived from treatment with statins of infection with 
diverse influenza strains have also been reported in animal models and human studies 
[170,171], although other studies do not support these conclusions [190]. 

Targeting cholesterol in viral infection can be achieved using drugs other than statins, for 
instance U18666A. This is an intracellular cholesterol transport inhibitor widely used to 
block the intracellular trafficking of cholesterol and mimic Niemann-Pick type C disease, 
which also blocks cholesterol biosynthesis by inhibiting oxidosqualene cyclase and 
desmosterol reductase [191]. Treatment with U18666A inhibits DENV infection in cultured 
cells, and the effect of this compound is additive to the inhibitory effect of C75 (an inhibitor 
of FASN), which shows that both, cholesterol and fatty acids, are required for successful 
DENV replication [177]. U18666A also displays an antiviral effect against HCV infection and 
a synergistic effect has been reported when combined with interferon [113]. 

3.2. Inhibitors of fatty acid biosynthesis as potential antiviral compounds 

The biosynthesis of fatty acids plays an important role for multiplication of a wide variety of 
viruses [6,9,81,102]. Pharmacological inhibition of this metabolic pathway can be achieved 
using 5-tetradecyloxy-2-furoic acid (TOFA), an inhibitor of acetyl-CoA carboxylase (ACC) 
[192]. Treatment with this compound has been shown to block replication of HCMV and 
influenza A virus [6]. Although the results derived from these experiments performed in 
model cell culture systems need to be further reproduced using animal models, the 
concentrations of TOFA that successfully inhibit HCMV infection in cultured cells are in the 
range of plasma concentrations found in rats treated with this inhibitor [6]. In HCV, 
treatment with TOFA attenuates the enhancement of replication of HCV induced by ethanol 
[193]. 

On the other hand, treatment with trans-4-carboxy-5-octyl-3-methylene-butyrolactone (C75) 
− an inhibitor of FASN, the key enzyme of fatty acid biosynthetic pathway − also resulted in 
inhibition of the replication of both HCMV and influenza A virus [6]. These experiments 
were performed in cultured cells, and the concentrations of the inhibitor tested did not 
induce host cell toxicity or apoptosis [6]. Similar results have been obtained for DENV, 
yellow fever virus (YFV), WNV, and HCV using the FASN inhibitor C75 [9,81,102,119], or 
cerulenin, another FASN inhibitor [81,102,111]. HMCV, influenza A, DENV, YFV, and WNV 
are enveloped viruses. The antiviral effect of either cerulenin or C75 has also been probed 
for the non-enveloped viruses CVB3 and PV [117,121], enlarging the potential antiviral 
spectrum of FASN inhibitors. However, it should be noted that blockage of FASN by C75 
can cause severe anorexia and weight loss in animal models [194]. This makes of C75 a drug 
not aimed for human use, although it has aided to the identification of potential pathways to 
target obesity [195], and is also contributing to the understanding of the relationship 
between biosynthetic fatty acid synthesis and viral multiplication [6,9,81,102,117]. For 
DENV, a direct interaction between the viral protein NS3 and FASN has been reported 
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[102]. Inhibition of this interaction could contribute to the design of antivirals to fight this 
important human disease. 

Infection of HCV is intimately connected to lipid metabolism, including the fatty acid 
biosynthetic pathway [4,8], and its replication can be inhibited by C75 [119]. Indeed, fatty 
acids can either stimulate or inhibit HCV replication, depending on their degree of 
saturation [112]. Arachidonate, a polyunsaturated fatty acid, also inhibits HCV replication 
[112] via the lipid peroxidation induced by reactive oxygen species (ROS) derived from 
HCV replication that converts polyunsaturated fatty acids into reactive carbonyls that 
inactivate proteins [178]. These events can be prevented by treatment with the antioxidant 
vitamin E [178]. As a result of the connections between fatty acids and cholesterol 
biosynthetic pathways, inhibition of fatty acid synthesis can be also related to the reduction 
of the infection of HCV, through inhibition of the geranylgeranylation of cellular factors 
required for HCV replication [112,196]. The use of unsaturated fatty acids has also been 
applied to block myristoylation of HIV Gag protein to prevent virus budding [150]. 

3.3. Phosphlipids as antiviral targets 

Viral replication also relies on phospholipid biosynthesis [105,121]. This makes drugs 
interfering this pathway candidates for antiviral design. Along this line, the antiviral 
properties of valproic acid - a short chain fatty acid commonly used for the treatment of 
epilepsy and bipolar disorder that impairs multiple aspects of phosphoinositide metabolism 
[197-199] - against a broad panel of enveloped viruses have been reported (Table 4) [145].  

Treatment with a chimeric antibody directed against phospahtidylserine can cure arenavirus 
and cytomegalovirus infections in animal models [200]. The mechanism of action of this 
therapy is based on the exposure of phosphatidylserine on the external leaflet of the plasma 
membrane, a preapoptotic event in cells infected by a broad variety of viruses. The safety 
and pharmacokinetics of this antibody have been already evaluated in clinical trials for 
treatment of other human disorders [201]. Another example of the use of anti-
phospholipidantibodies to combat a viral disease is provided by HIV, since different anti-
phospholipid antibodies have shown a broad neutralizing activity against this virus [161]. 

Recent reports have highlighted the role of a specific phospholipid species, PI4P, in the 
replication of enteroviruses (PV, CVB3) and HCV (section 2.2.2). The synthesis of PI4P 
associated to viral replication relies on the function of the cellular enzymes PI4KIIIα and β. 
This makes both lipid kinases potential drug targets for antiviral design. An inhibitor of 
PI4KIIIβ, PIK93 [202], has been shown to impair replication of enteroviruses [81,93,109]. 
Related reports have also uncovered that this enzyme is the cellular target of known 
antiviral compounds against enteroviruses [109]. This is so for some enviroxime-like 
compounds − T-00127-HEV1 and GW5074 [93] −  that integrate a group of antivirals that 
inhibits enterovirus replication, for which mutations conferring drug resistance mapped to 
the same region of the enteroviral protein 3A [109,203-205]. The recruitment of PI4KIIIβ to 
viral replication complexes requires the participation of cellular partners like the Golgi 
adaptor protein acyl coenzyme A (acyl-CoA) binding domain protein 3 (ACBD3/GPC60), as 
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described for AiV [108,122]. In this way, modulation of the interaction between these 
proteins could also constitute a novel antiviral strategy [122].  

In HCV infection the isoform of the enzyme involved in viral replication is mainly PI4KIIIα 
[106,107], although a role of the β isoform in the inhibition of HCV replication due to 
treatment with PIK93 has also been reported [126]. Consistent with these findings, specific 
compounds that successfully inhibit PV replication through blockage of PI4KIIIβ (GW5074 
and T-00127-HEV1) do not affect HCV replication, although other enviroxime-like 
compounds can affect both enteroviral and HCV replication [109]. On the other hand, 4-
anilino quinazolines were first reported to have antiviral activity against HCV, although the 
mechanism was not well defined. However, a recent study has associated the antiviral 
activity of a representative 4-anilino quinazoline (AL-9) with the inhibition of PI4KIIIα 
during HCV infection, which opens new therapeutic approaches [179]. Since the viral 
protein NS5A directly interacts with PI4KIIIα during HCV infection [125,127], modulation 
of this interaction also raises novel possibilities for antiviral research.  

Overall, these examples of drugs targeting different enzymes related to phosphoinositide 
metabolism support this strategy as a feasible approach for antiviral drug discovery. In this 
line, related phosphoinositide kinases constitute an important emerging class of drug targets 
[202]. 

3.4. Sphingolipids as antiviral targets 

Sphingolipids constitute a major component of lipid rafts [37,38], which, as commented 
before, are involved in different steps of viral infection, making sphingolipids potential 
antiviral targets. Along this line, ebolavirus requires the activity of acid sphingomyelinase, 
the enzyme that converts sphingomyelin to phosphocholine and ceramide for infection, and 
depletion of sphingomyelin reduces its infection [206]. A dependence on sphingomyelin for 
HCV replication has also been documented [130]. Inhibition of serine palmitoyltransferase, 
the enzyme that catalyzes the first step on sphingolipid biosynthesis, using myriocin has 
also been assayed against HCV or hepatitis B virus, either alone or in combination with 
interferon [180-182]. However, a certain controversy exists regarding whether the inhibitory 
effect of myriocin on HCV replication is attributable to the specific inhibition of serine 
palmitoyltransferase, since FTY720, a compound that like myriocin is structurally similar to 
sphingosine but does not inhibit serine palmitoyltransferase, also inhibits HCV replication 
[207].  

4. Conclusion 

The analysis of the functions of cellular factors in viral infections has highlighted the role of 
different lipid species in these infections. Viruses can use cellular lipids like bricks to build 
viral particles or to develop viral replication complexes, thus facilitating its multiplication. 
But viruses can also manipulate host cell metabolism towards the production of specific 
lipid species, unveiling an intimate relationship between viruses and host cell lipid 
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metabolism. Indeed, great progresses have been recently made in this area due to the 
identification of specific lipids as key factors for viral multiplication. However, the specific 
function of most of these lipids remains to be determined. A better understanding of the 
interactions between viral infections and lipid metabolism is desirable to asses the roles of 
lipids in viral multiplication. This knowledge could lead to the identification of lipid targets 
and druggable metabolic pathways suitable for antiviral development. Lipid candidates for 
these interventions have already been identified, for instance fatty acids, cholesterol or 
specific phospholipids. Indeed, initial lipid-based antiviral approaches have been already 
started, even at clinical level (i.e. statins). This example has probed that drugs already 
licensed for humans that act at different points of lipid metabolism can constitute potential 
candidates to fight viral diseases. These lipid-targeted antiviral approaches could be 
exclusive or could also be complementary to other antiviral therapies already available. 

As recently remarked, ‘if RNA ruled the last decade and DNA dominated the previous one, 
could the next decade be the one for lipids?’ [208]. The new advances on the knowledge of 
the interplay between viruses and lipids evidence that the answer to this question could be 
‘Yes’ in the case of virology [1].  Hopefully, we are now assisting to the promising birth of a 
novel lipid-based branch of antiviral research focused on this challenging and still poorly 
explored field for drug discovery. 
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described for AiV [108,122]. In this way, modulation of the interaction between these 
proteins could also constitute a novel antiviral strategy [122].  

In HCV infection the isoform of the enzyme involved in viral replication is mainly PI4KIIIα 
[106,107], although a role of the β isoform in the inhibition of HCV replication due to 
treatment with PIK93 has also been reported [126]. Consistent with these findings, specific 
compounds that successfully inhibit PV replication through blockage of PI4KIIIβ (GW5074 
and T-00127-HEV1) do not affect HCV replication, although other enviroxime-like 
compounds can affect both enteroviral and HCV replication [109]. On the other hand, 4-
anilino quinazolines were first reported to have antiviral activity against HCV, although the 
mechanism was not well defined. However, a recent study has associated the antiviral 
activity of a representative 4-anilino quinazoline (AL-9) with the inhibition of PI4KIIIα 
during HCV infection, which opens new therapeutic approaches [179]. Since the viral 
protein NS5A directly interacts with PI4KIIIα during HCV infection [125,127], modulation 
of this interaction also raises novel possibilities for antiviral research.  

Overall, these examples of drugs targeting different enzymes related to phosphoinositide 
metabolism support this strategy as a feasible approach for antiviral drug discovery. In this 
line, related phosphoinositide kinases constitute an important emerging class of drug targets 
[202]. 

3.4. Sphingolipids as antiviral targets 

Sphingolipids constitute a major component of lipid rafts [37,38], which, as commented 
before, are involved in different steps of viral infection, making sphingolipids potential 
antiviral targets. Along this line, ebolavirus requires the activity of acid sphingomyelinase, 
the enzyme that converts sphingomyelin to phosphocholine and ceramide for infection, and 
depletion of sphingomyelin reduces its infection [206]. A dependence on sphingomyelin for 
HCV replication has also been documented [130]. Inhibition of serine palmitoyltransferase, 
the enzyme that catalyzes the first step on sphingolipid biosynthesis, using myriocin has 
also been assayed against HCV or hepatitis B virus, either alone or in combination with 
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metabolism. Indeed, great progresses have been recently made in this area due to the 
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started, even at clinical level (i.e. statins). This example has probed that drugs already 
licensed for humans that act at different points of lipid metabolism can constitute potential 
candidates to fight viral diseases. These lipid-targeted antiviral approaches could be 
exclusive or could also be complementary to other antiviral therapies already available. 
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1. Introduction 

Despite the novel pathogenetic and therapeutic acquisitions sepsis remains the main cause 
of death in the critically ill patient (p.). The incidence of sepsis is increasing, with more than 
750 000 cases occurring in the United States every year; sepsis is complicated by organ 
dysfunction giving rise to severe sepsis which causes more than 200 000 deaths each year 
[1]. The cardiovascular syndrome is the cause of the major part of the fatalities leading to 
the picture of the septic shock with 90,000 deaths annually. The myocardial dysfunction in 
sepsis has been widely studied and many causes of heart dysfunction have been described. 
The presence of a metabolic compromise is well known in chronic heart failure and has been 
considered as a basis for contractile failure, interestingly similar alterations have been 
recently described also in sepsis. The purpose of this study is to examine the current 
available data on this topic. 

Sepsis has been defined as the systemic host reaction to an infection [2]. The typical immune 
response in sepsis presents a first stage, characterized by an increased production of 
proinflammatory interleukins (ILs) by monocytes, macrophages. lymphocytes and endothelial 
cells in response to a few molecules, common to all virulent pathogens, called pathogen-
associated molecular patterns (PAMPs) [3]. They are recognized by receptors on the surface of 
the immune cells, named Pattern Recognition Receptors (PRP) the most important being the 
Toll-like Receptors (TLRs), existing in 13 different types each recognizing a different microbial 
constituent. TLR are an important component of immune activity programmed to respond 
quickly to the infectious challenges by recognizing PAMP. Lipopolysaccharide (LPS) in 
particular is recognized by the complex TLR4-CD14 in the plasma membrane and the 
inflammatory signal is transduced by the recruitment of the adaptor molecules that associate 
with the intracellular Toll/interleukin-1 receptor (TIR) domain of the TLR to initiate signal 
transduction. Of these adaptor molecules myeloid differentiation primary- response protein 88 
(MyD88) is associated with all TLRs except TLR3 while the TIR-domain containing adaptor 
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inducing interferon (IFN)-β (TRIF) is only associated to TLR3 [3]. Both of them lead to nuclear 
factor-κB (NF-kB) activation and induction of over 150 inflammatory and procoagulant genes 
with increased expression of the proinflammatory ILs tumor necrosis factor TNF), IL1, 
IL6, interferon  (IFN), chemokines and cell adhesion molecules. This phase, named Systemic 
Inflammatory Reaction Syndrome (SIRS) is followed by a second phase, the compensatory 
anti- inflammatory response syndrome (CARS), that modulates SIRS through death by 
apoptosis of immune cells, gene silencing of the pro-inflammatory genes and increased 
production of the contra-inflammatory ILs IL10, IL4 and TGF[4-6] Through this biphasic 
reaction in the largest part of the cases the homeostasis is re-established. It is possible however 
that during the proinflammatory phase because of the “cytokine storm”-induced organ 
damage, further increased through the release by the injured tissue of the endogenous 
damage-associated molecular pattern (DAMPs or alarmins such as hig mobility group protein 
B1(HMBG1), hyaluronan, HSP, proteins S100 etc), as more frequently occurs in young and 
reactive people, or during the contra-inflammatory phase, due to immunosuppression and 
diffuse infection, death may ensue [4]. The normal biphasic reaction may be altered when 
sepsis is present in very old and diseased persons that frequently present a mild phase of SIRS 
or do not present it at all; in the later stages it seems that immunosuppression is almost always 
present [7]. Indeed from what has been described it seems that in both the cases sepsis is 
characterized by an “altered immune response”, unbalanced [8] with prevalence of an 
excessive proinflammatory reaction in the early phase and a prevalent immunosuppression in 
the late phase [8.] The definition of sepsis based on the recent achievement on this topic could 
be reconsidered focusing more on the immune status, we propose the sequent definition: “ 
sepsis is the altered immune response to an infectious challenge, either increased or decreased, 
and followed by a compromised organ function”. The passage from the SIRS to the CARS is 
marked by the phenomenon of LPS tolerance [9]: the prolonged stimulation of TLR4, the 
specific receptor for endotoxin, by LPS leads to the silencing of proinflammatory genes and to 
the stimulation of the contra-inflammatory ones through a process of gene reprogramming 
[10] with increased expression of IL-10, TGF-β, and type I IFNs. Neutrophil function is 
seriously impaired in sepsis with the development of a decreased ability to migrate into the 
infection site, related to the severity of the disease [for review see 11]. During this stage 
macrophages exhibit an increased phagocytic ability but an altered capacity of antigen 
presentation due to reduced expression of several major histocompatibility complex (MHC) 
Class II molecules (e.g. HLA-DRs) with impaired T-cell proliferation as well as reduced 
production of IFN. This phase corresponds also to a stage of ischemic tolerance caused by the 
reduced production of NF-kB responsible for the amplification of the damage induced by 
ischemia [12]. TLRs are indeed involved in the tissue damage caused by non-infectious 
challenges such as ischemia-reperfusion injury (IRI), burns, surgery, trauma etc. because they 
mediate the inflammatory reaction to the alarmins released by these noxae: the deletion of 
TLR2 and TLR4 may reduce the cellular damage in these settings [13-14].The mitochondrial 
DNA released after tissue damage may be recognized by TLRs, behaving as a DAMP for its far 
origin by bacteria according to endosymbiotic theory; its experimental infusion may cause a 
picture similar to the ARDS [15]. TLRs are also important to explain the link between 
inflammation and metabolic alterations [16] and the state of low grade inflammation present 
for so far unknown reasons in obesity, metabolic syndrome, diabetes and in chronic 
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myocardial ischemia; moreover they may also be involved in the adipose tissue dysfunction 
described during sepsis [17,18]. One of the main problems in the study of sepsis has been its 
experimental reproduction: the LPS infusion method, used also at low doses in human 
volunteers, is not reliable because it reproduces only the proinflammatory phase and led in the 
past to misunderstand the complex regulation of immunity in sepsis, moreover in this model 
is lacking an infectious focus. The availability of successive different models such as the 
infusion of living bacteria and the cecal ligation and puncture (CLP), at present considered a 
good reproduction of human septic peritonitis, allowed further progress supplying models 
similar to human sepsis [19].  

2. Metabolic response in sepsis and injury 
The first phase of sepsis, coincident with SIRS and also called flow phase, is characterized by a 
state of hypercatabolism with negative nitrogen balance induced by the increase in 
proinflammatory ILs and stress hormones, while the anabolic ones are reduced. This phase is 
also marked by hyperglycemia, hyperlactatemia and increased energy expenditure varying 
with the nature of the injurious stress (15-20% after surgery, 20-40% in sepsis and up to 120% 
in burns [20]). Injury in general and sepsis in particular are associated with an increased 
protein breakdown (mainly derived by the muscle representing the main store of proteins in 
the body, up to 40% of total body proteins), protein catabolism in sepsis may reach 260 gr\day 
[21] corresponding to a loss of 1 Kg muscle, with negative nitrogen balance, an increased blood 
pool of amino acids (a.a.), used in the liver for neoglucogenesis and the production of acute 
phase proteins, and reduced uptake of a.a. by the muscle. The protein utilization as a fuel is 
opposite to the normal and rapidly depletes body lean mass. The increased production of IL-
1, IL-6 and TNFcauses protein catabolism both directly and indirectly through the 
stimulation of the HypothalamusPituitary-Adrenal (HPA) axis. The increased protein 
catabolism may be reproduced by counter-regulatory hormones infusion.  

2.1. Glucose metabolism and insulin sensitivity in sepsis  

Insulin resistance may be defined as the inability of insulin to adequately stimulate glucose 
uptake in the muscle or to inhibit gluconeogenesis in the liver [23]. The pathogenesis of the 
insulin resistance is no more interpreted on the basis of the glucocentric but of the lipocentric 
theory [24] stating that the excess of circulating free fatty acids (FFA), the main competitive 
inhibitors of glucose utilization in the cell, when present in excess in plasma because of 
increased lipolysis, decreased fat storing capacity of adipose tissue or reduced fatty acid 
oxydation (FAO) may accumulate in the organs (liver, myocardium, pancreas etc) giving 
origin to reduced sensitivity to insulin, increased hepatic glucose output and to the 
phenomenon of lipotoxicity, syndrome characterized by accumulation of FFA in the cell, 
increased production of reactive oxygen species (ROS), activation of apoptosis (lipoapoptosis) 
and organ dysfunction [25]. The etiology of insulin resistance in sepsis is related to the increase 
of the contra-insular substances (glucagon, TNF, growth hormone, cortisol) and to the 
reduced expression of the insulin-sensitizing adiponectin while the endogenous insulin 
secretion in the critically ill p. is increased as occurs in the early phase of type II diabetes 
mellitus, on the contrary of what was suggested in the past [26]. The consequences of the 
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origin by bacteria according to endosymbiotic theory; its experimental infusion may cause a 
picture similar to the ARDS [15]. TLRs are also important to explain the link between 
inflammation and metabolic alterations [16] and the state of low grade inflammation present 
for so far unknown reasons in obesity, metabolic syndrome, diabetes and in chronic 
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myocardial ischemia; moreover they may also be involved in the adipose tissue dysfunction 
described during sepsis [17,18]. One of the main problems in the study of sepsis has been its 
experimental reproduction: the LPS infusion method, used also at low doses in human 
volunteers, is not reliable because it reproduces only the proinflammatory phase and led in the 
past to misunderstand the complex regulation of immunity in sepsis, moreover in this model 
is lacking an infectious focus. The availability of successive different models such as the 
infusion of living bacteria and the cecal ligation and puncture (CLP), at present considered a 
good reproduction of human septic peritonitis, allowed further progress supplying models 
similar to human sepsis [19].  

2. Metabolic response in sepsis and injury 
The first phase of sepsis, coincident with SIRS and also called flow phase, is characterized by a 
state of hypercatabolism with negative nitrogen balance induced by the increase in 
proinflammatory ILs and stress hormones, while the anabolic ones are reduced. This phase is 
also marked by hyperglycemia, hyperlactatemia and increased energy expenditure varying 
with the nature of the injurious stress (15-20% after surgery, 20-40% in sepsis and up to 120% 
in burns [20]). Injury in general and sepsis in particular are associated with an increased 
protein breakdown (mainly derived by the muscle representing the main store of proteins in 
the body, up to 40% of total body proteins), protein catabolism in sepsis may reach 260 gr\day 
[21] corresponding to a loss of 1 Kg muscle, with negative nitrogen balance, an increased blood 
pool of amino acids (a.a.), used in the liver for neoglucogenesis and the production of acute 
phase proteins, and reduced uptake of a.a. by the muscle. The protein utilization as a fuel is 
opposite to the normal and rapidly depletes body lean mass. The increased production of IL-
1, IL-6 and TNFcauses protein catabolism both directly and indirectly through the 
stimulation of the HypothalamusPituitary-Adrenal (HPA) axis. The increased protein 
catabolism may be reproduced by counter-regulatory hormones infusion.  

2.1. Glucose metabolism and insulin sensitivity in sepsis  

Insulin resistance may be defined as the inability of insulin to adequately stimulate glucose 
uptake in the muscle or to inhibit gluconeogenesis in the liver [23]. The pathogenesis of the 
insulin resistance is no more interpreted on the basis of the glucocentric but of the lipocentric 
theory [24] stating that the excess of circulating free fatty acids (FFA), the main competitive 
inhibitors of glucose utilization in the cell, when present in excess in plasma because of 
increased lipolysis, decreased fat storing capacity of adipose tissue or reduced fatty acid 
oxydation (FAO) may accumulate in the organs (liver, myocardium, pancreas etc) giving 
origin to reduced sensitivity to insulin, increased hepatic glucose output and to the 
phenomenon of lipotoxicity, syndrome characterized by accumulation of FFA in the cell, 
increased production of reactive oxygen species (ROS), activation of apoptosis (lipoapoptosis) 
and organ dysfunction [25]. The etiology of insulin resistance in sepsis is related to the increase 
of the contra-insular substances (glucagon, TNF, growth hormone, cortisol) and to the 
reduced expression of the insulin-sensitizing adiponectin while the endogenous insulin 
secretion in the critically ill p. is increased as occurs in the early phase of type II diabetes 
mellitus, on the contrary of what was suggested in the past [26]. The consequences of the 
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metabolic storm in sepsis are an increased hepatic production of glucose, a reduced glucose 
uptake by insulin-dependent tissues, increased levels of FFA- consequence of the increased 
lipolysis- reduced FAO and reduced insulin sensitivity at the muscular and hepatic level [27]. 
The high levels of blood glucose allow a high uptake by the non-insulin-dependent cells 
because of the increased expression of the stress- and Ils-dependent glucose transporter 
GLUT1 [27]. In this way a high rate of glucose oxidation through mitochondria is made 
possible leading to an enhanced production of ROS: the increased oxidative and nitrosative 
stress, chiefly in presence of a reduction in ROS scavengers, -mainly glutathione[28]- typical of 
the critical states, may damage mainly the Complexes I and III of the electron transport chain 
(ETC) initiating the mitochondrial dysfunction. Insulin is provided with an anti-inflammatory 
action that is missing if a reduced sensitivity to its action is present, such as in critical illness, 
further increasing inflammation [27]. Proinflammatory ILs interfere with insulin activity 
through multiple mechanisms ; 1) TNF and other cytokines activate Jun-N-terminal kinase 
(JNK) responsible for serine phosphorylation of the insulin receptor substrate 1 (IRS-1) at Ser 
307, so disrupting insulin signalling [29] 2) furthermore JNK activation has been showed, in 
LPS-induced experimental sepsis, to depress PPAR expression reducing FFA oxidation [30]; 
JNK inhibition prevented cardiac dysfunction, despite continued induction of inflammatory 
markers, demonstrating that there is a dysmetabolic basis for LPS-induced cardiac dysfunction 
in this experimental setting [30]. An important clinical application of the role played by the 
altered glucose metabolism in the critically ill p. derived from the Leuven Study [31] that 
showed a striking reduction from 8% to 4,6% in the mortality of critically ill surgical p. 
receiving mechanical ventilation by maintaining glycemia between 80 and 110 mg% with 
intensive insulin therapy. However in 2009 the NICE SUGAR Study showed that a blood 
glucose target of 180 mg% or less per deciliter resulted in lower mortality than did a target of 
81 to 108 mg range, probably by reducing the incidence of hypoglycaemia [32]. A diffuse 
coverage of this matter is beyond the scope of this report (for review see reference [33]). 

Hyperlactatemia in sepsis has been considered as a consequence of the establishment of an 
hypoxic environment, this concept is however no longer tenable, except for the p. in septic 
shock, because in many organs an increased oxygen saturation has been showed both in 
clinical sepsis and after LPS infusion [34]. Currently the cause of hyperlactatemia is 
considered to be the increased expression of Hypoxia-inducible factor1 (HIF-1)- and of 
cytokines activating PDHK4, an enzyme inhibiting PDH (pyruvate dehydrogenase) through 
phosphorylation so preventing the transformation of pyruvate into acetyl-CoA and its 
oxidation through the TCA (Tricarboxilic acid Cycle); the excess of pyruvate is transformed 
into lactate by Lactate dehydrogenase (LDH) through a process called accelerated aerobic 
glycolysis [35-38]. The plasma levels of lactate seems to be related to the outcome [35]. 

2.2. TG and FFA utilization in the normal heart 

In a physiological environment rich in oxygen but also in pathophysiological conditions 
(like diet rich in lipids, starvation or diabetes) the heart can utilize all metabolites but it 
prefers FFA oxidation, from which it gets 60-90% of the necessary energy, obtaining the 
remaining part from the oxidation of glucose and ketone bodies [39]. The myocardiocyte 
gets FFA mainly taking up tryglicerides (TG)-rich lipoproteins (LP) (chylomicrons and very 
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low-density lipoprotein, VLDL) through the endothelial lipoprotein lipase (LPL), enzyme 
present in the capillary endothelium and bound to it through a proteoglycan, the 
Glycosylphosphatidyl-inositol high density lipoprotein-binding protein 1 (GPIHBP1), which 
anchors LPL to endothelium and serves as a bridge allowing LP uptake[40]. The myocardial 
cells may take up FFA also from the albumin-bound pool (10 time less abundant). FFA 
obtained from hydrolysis of TG by LPL or transported by albumin are then taken up by the 
myocardiocyte, through transporters, mainly FAT\CD36 (50-60%) but also by fatty acid 
binding protein (FABP) and fatty acid transport plasma membrane (FATPpm), only a very 
small part is taken up by diffusion [41]. Once transported into the cytosol, FFAs are 
esterified to long chain acyl CoA by fatty acyl CoA synthase (FACS) and transported for 
FFA oxidation(FAO) across mitochondrial membrane. This process is carried out in three 
steps: at first acyl-CoA is metabolized into acyl-carnitine by the enzyme carnitine palmitoyl 
transferase-1 (CPT-1), located on the outer mitochondrial membrane. Acyl-carnitine is hence 
transported across the inner mitochondrial membrane by carnitine translocase (CAT) and 
again transformed into long chain Acyl-CoA and carnitine by CPT- 2 (carnitine shuttle) [42]. 
The step catalyzed by CPT-1 is the rate-limiting reaction of FAO and the activity of this 
enzyme is strictly regulated by malonyl-CoA (the product of carboxylation of acetyl-CoA), 
whose levels are controlled by a balance between the activity of the enzymes involved in its 
metabolism, the acetyl CoA carboxylase (ACC) and malonyl CoA decarboxylase. AMP-
activated protein kinase (AMPK), a fundamental energy sensor in the cell, controls this 
reaction phosphorylating and inhibiting ACC whenever it senses a decrease in the 
ATP\AMP ratio [42]. In the normal heart, 75% of the fatty acids taken up are immediately 
oxidized. Acetyl-CoA has a central role in the regulation of the utilization of the substrates: 
it is the metabolic product of both glucose (through pyruvate) and fatty acid utilization. It 
may be utilized for oxidation in the Krebs cycle or, if the cellular level of ATP is high, used 
for FFA synthesis. Acetyl-CoA may also be transformed into pyruvate and lactate by LDH 
in the presence of hypoxia but also when it is produced in huge quantities. More than 40 
years ago Randle described the reciprocal inhibition exercised by glucose and FFA 
utilization [43]. He displayed in the isolated heart and in a skeletal muscle preparation that 
the oxidation of one substrate inhibited directly, without hormonal intermediation, the use 
of the other (Randle cycle). So an increase in FAO causes a proportional decrease in glucose 
oxidation and uptake leading to hyperglycemia. The actual interpretation of Randle cycle is 
that an increase in serum concentration and uptake of FFA activates FAO and causes 
accumulation of its byproducts as ROS, ceramides, diacylglycerol, acyl-carnitine and fatty 
acyl-CoAs inside the skeletal muscle so depressing glucose uptake, whereas in the liver they 
inhibit insulin-mediated suppression of glycogenolysis and gluconeogenesis [44-45]. Also 
the increased lipolysis present in many conditions (fasting, exercise, inflammatory 
conditions, diabetes and obesity) leading to an increased FAO may downregulate glucose 
utilization through increased serum FFA and reduced insulin sensitivity. All these signals, 
particularly diacylglycerol, interfere with insulin signalling activating PKC novel isoforms 
() causing a reduced tyrosine phosphorylation of the IRS-1 which is normally 
responsible for the activation through phosphatidyl inositol 3-kinase (PI3K) and Akt of the 
membrane translocation of the insulin-dependent glucose transporter 4 (GLUT4)[46]. So an 
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metabolic storm in sepsis are an increased hepatic production of glucose, a reduced glucose 
uptake by insulin-dependent tissues, increased levels of FFA- consequence of the increased 
lipolysis- reduced FAO and reduced insulin sensitivity at the muscular and hepatic level [27]. 
The high levels of blood glucose allow a high uptake by the non-insulin-dependent cells 
because of the increased expression of the stress- and Ils-dependent glucose transporter 
GLUT1 [27]. In this way a high rate of glucose oxidation through mitochondria is made 
possible leading to an enhanced production of ROS: the increased oxidative and nitrosative 
stress, chiefly in presence of a reduction in ROS scavengers, -mainly glutathione[28]- typical of 
the critical states, may damage mainly the Complexes I and III of the electron transport chain 
(ETC) initiating the mitochondrial dysfunction. Insulin is provided with an anti-inflammatory 
action that is missing if a reduced sensitivity to its action is present, such as in critical illness, 
further increasing inflammation [27]. Proinflammatory ILs interfere with insulin activity 
through multiple mechanisms ; 1) TNF and other cytokines activate Jun-N-terminal kinase 
(JNK) responsible for serine phosphorylation of the insulin receptor substrate 1 (IRS-1) at Ser 
307, so disrupting insulin signalling [29] 2) furthermore JNK activation has been showed, in 
LPS-induced experimental sepsis, to depress PPAR expression reducing FFA oxidation [30]; 
JNK inhibition prevented cardiac dysfunction, despite continued induction of inflammatory 
markers, demonstrating that there is a dysmetabolic basis for LPS-induced cardiac dysfunction 
in this experimental setting [30]. An important clinical application of the role played by the 
altered glucose metabolism in the critically ill p. derived from the Leuven Study [31] that 
showed a striking reduction from 8% to 4,6% in the mortality of critically ill surgical p. 
receiving mechanical ventilation by maintaining glycemia between 80 and 110 mg% with 
intensive insulin therapy. However in 2009 the NICE SUGAR Study showed that a blood 
glucose target of 180 mg% or less per deciliter resulted in lower mortality than did a target of 
81 to 108 mg range, probably by reducing the incidence of hypoglycaemia [32]. A diffuse 
coverage of this matter is beyond the scope of this report (for review see reference [33]). 

Hyperlactatemia in sepsis has been considered as a consequence of the establishment of an 
hypoxic environment, this concept is however no longer tenable, except for the p. in septic 
shock, because in many organs an increased oxygen saturation has been showed both in 
clinical sepsis and after LPS infusion [34]. Currently the cause of hyperlactatemia is 
considered to be the increased expression of Hypoxia-inducible factor1 (HIF-1)- and of 
cytokines activating PDHK4, an enzyme inhibiting PDH (pyruvate dehydrogenase) through 
phosphorylation so preventing the transformation of pyruvate into acetyl-CoA and its 
oxidation through the TCA (Tricarboxilic acid Cycle); the excess of pyruvate is transformed 
into lactate by Lactate dehydrogenase (LDH) through a process called accelerated aerobic 
glycolysis [35-38]. The plasma levels of lactate seems to be related to the outcome [35]. 

2.2. TG and FFA utilization in the normal heart 

In a physiological environment rich in oxygen but also in pathophysiological conditions 
(like diet rich in lipids, starvation or diabetes) the heart can utilize all metabolites but it 
prefers FFA oxidation, from which it gets 60-90% of the necessary energy, obtaining the 
remaining part from the oxidation of glucose and ketone bodies [39]. The myocardiocyte 
gets FFA mainly taking up tryglicerides (TG)-rich lipoproteins (LP) (chylomicrons and very 
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low-density lipoprotein, VLDL) through the endothelial lipoprotein lipase (LPL), enzyme 
present in the capillary endothelium and bound to it through a proteoglycan, the 
Glycosylphosphatidyl-inositol high density lipoprotein-binding protein 1 (GPIHBP1), which 
anchors LPL to endothelium and serves as a bridge allowing LP uptake[40]. The myocardial 
cells may take up FFA also from the albumin-bound pool (10 time less abundant). FFA 
obtained from hydrolysis of TG by LPL or transported by albumin are then taken up by the 
myocardiocyte, through transporters, mainly FAT\CD36 (50-60%) but also by fatty acid 
binding protein (FABP) and fatty acid transport plasma membrane (FATPpm), only a very 
small part is taken up by diffusion [41]. Once transported into the cytosol, FFAs are 
esterified to long chain acyl CoA by fatty acyl CoA synthase (FACS) and transported for 
FFA oxidation(FAO) across mitochondrial membrane. This process is carried out in three 
steps: at first acyl-CoA is metabolized into acyl-carnitine by the enzyme carnitine palmitoyl 
transferase-1 (CPT-1), located on the outer mitochondrial membrane. Acyl-carnitine is hence 
transported across the inner mitochondrial membrane by carnitine translocase (CAT) and 
again transformed into long chain Acyl-CoA and carnitine by CPT- 2 (carnitine shuttle) [42]. 
The step catalyzed by CPT-1 is the rate-limiting reaction of FAO and the activity of this 
enzyme is strictly regulated by malonyl-CoA (the product of carboxylation of acetyl-CoA), 
whose levels are controlled by a balance between the activity of the enzymes involved in its 
metabolism, the acetyl CoA carboxylase (ACC) and malonyl CoA decarboxylase. AMP-
activated protein kinase (AMPK), a fundamental energy sensor in the cell, controls this 
reaction phosphorylating and inhibiting ACC whenever it senses a decrease in the 
ATP\AMP ratio [42]. In the normal heart, 75% of the fatty acids taken up are immediately 
oxidized. Acetyl-CoA has a central role in the regulation of the utilization of the substrates: 
it is the metabolic product of both glucose (through pyruvate) and fatty acid utilization. It 
may be utilized for oxidation in the Krebs cycle or, if the cellular level of ATP is high, used 
for FFA synthesis. Acetyl-CoA may also be transformed into pyruvate and lactate by LDH 
in the presence of hypoxia but also when it is produced in huge quantities. More than 40 
years ago Randle described the reciprocal inhibition exercised by glucose and FFA 
utilization [43]. He displayed in the isolated heart and in a skeletal muscle preparation that 
the oxidation of one substrate inhibited directly, without hormonal intermediation, the use 
of the other (Randle cycle). So an increase in FAO causes a proportional decrease in glucose 
oxidation and uptake leading to hyperglycemia. The actual interpretation of Randle cycle is 
that an increase in serum concentration and uptake of FFA activates FAO and causes 
accumulation of its byproducts as ROS, ceramides, diacylglycerol, acyl-carnitine and fatty 
acyl-CoAs inside the skeletal muscle so depressing glucose uptake, whereas in the liver they 
inhibit insulin-mediated suppression of glycogenolysis and gluconeogenesis [44-45]. Also 
the increased lipolysis present in many conditions (fasting, exercise, inflammatory 
conditions, diabetes and obesity) leading to an increased FAO may downregulate glucose 
utilization through increased serum FFA and reduced insulin sensitivity. All these signals, 
particularly diacylglycerol, interfere with insulin signalling activating PKC novel isoforms 
() causing a reduced tyrosine phosphorylation of the IRS-1 which is normally 
responsible for the activation through phosphatidyl inositol 3-kinase (PI3K) and Akt of the 
membrane translocation of the insulin-dependent glucose transporter 4 (GLUT4)[46]. So an 
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increase in FAO causes a proportional decrease in glucose uptake and oxidation with 
hyperglycemia. This mechanism has been considered important in the pathophysiology of 
diabetes mellitus type2 (T2DM). Conversely glucose uptake and oxidation to acetyl CoA 
and pyruvate involves the conversion to malonylCoA by ACC leading to inhibition of CPT-
1 and consequently of FAO; moreover insulin decreases lipolysis and the level of FFA. 
During starvation increased lipolysis raises FFA uptake and oxidation inhibiting glucose 
oxidation and favouring accumulation of pyruvate and lactate redirected to glycogen 
synthesis allowing also glucose sparing for the brain. Conversely after a glucose rich meal 
the increased uptake and utilization of glucose inhibit the utilization of FFA through the 
accumulation of malonylCoA. The normal heart responds to an increase in workload by 
switching from FFA to preferential glucose utilization. The Randle cycle explains how the 
heart regulates the fuel selection in the short term to face physiologic challenges however 
the long-term adaptation to physiologic and pathophysiologic conditions is mediated by 
translational and post-translational modifications rather than by the metabolic ones. A 
fitting example is the metabolic switch occurring after birth. During the fetal life the heart, 
probably because of the relatively hypoxic medium, relies more on carbohydrate 
metabolism, whereas in the adult myocardiocyte glycogen occupies less than 2% of the cell 
volume, in the fetal cells it represents more than 30% of the cell volume [47]. After birth the 
heart, due probably to the increased availability of oxygen, prefers FFA oxidation because of 
the discontinuous availability of metabolites and the elevated fat content of mother’s milk; 
the metabolic shift is accompanied by increased expression of the enzymes involved in FAO. 
The utilization of both lipid and carbohydrates has advantages and drawbacks: the complete 
oxidation of a molecule of palmitic acid (molecular mass 256,43) yields more ATP (105 
molecules vs 31) but consumes much more oxygen (46 atoms vs 12) than the oxidation of a 
molecule of glucose. Moreover the oxidation of lipid produces more oxidative stress, a 
drawback partially corrected by the increased production of the uncoupling protein 
3(UCP3) and differently from anaerobic glycolysis it is not available in hypoxic or ischemic 
settings. Such long term substrate modifications are transcriptionally regulated and the 
switch to carbohydrate utilization is due to a downregulation of the nuclear receptors 
PPAR involved in the transcription of the enzymes of FFA transport and utilization. 

The key enzyme in the regulation of pyruvate metabolism is the PDH. The activity of cardiac 
PDH is mainly modulated by the PDH kinase (PDHK4), an isoform of the kinase 
phosphorylating and transforming PDH from the active to the inactive form. Short-term 
metabolic inhibition of PDHK4 is affected by pyruvate while its activation is affected by acetyl 
CoA and NADH. The long-term regulation is determined by many conditions characterized 
by insulin deficiency (diabetes) or resistance (starvation, high-fat diet, and hyperthyroidism) 
that increase PDHK expression, while insulin suppresses its production [35,36,38]. 

3. The metabolic myocardial switch 

In pathological conditions a long term modification in substrate preference may be present: the 
diabetic heart relies almost exclusively on FAO [48], on the contrary the myocardium submitted 
to mechanical, ischemic\hypoxic or inflammatory stress switches to the anaerobic glycolysis, 
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which can also continue in an environment poor in oxygen. Even though glycolysis allows a 
much lesser production of energy (2 molecules of ATP instead of 36 per molecule of glucose 
oxidized) through the transformation of pyruvate into lactate by LDH it presents the advantage 
to go on also in a hypoxic setting; however this process, which in the short-term is adaptive, in 
the long-term becomes maladaptive because of the reduced energy production [49]. The better 
the heart defends itself in the presence of stressful events, the more easily it is able to switch to 
the type of metabolism more efficient in that situation and the more it is provided with 
metabolic flexibility. Thus the survival of the myocardium depends, in these conditions, on an 
increased supply of glucose that is assured by the augmentation of the main transmembrane 
glucose transporters, GLUT1 and GLUT4. GLUT1 is present ubiquitously, augments in 
presence of reduced glucose levels and during inflammatory, metabolic and osmotic stress [50]; 
GLUT4 is present in the adipose tissue, heart, liver and in the striated muscle and is the typical 
insulin-dependent transporter. The increase in glucose transporters, mainly in GLUT1, has an 
adaptive meaning in the stressed heart; its overexpression protects against experimental 
ventricular hypertrophy, at least until cardiac failure appears, causing its downregulation [51]. 

This metabolic remodelling seems to be controlled by the fetal gene program, so called 
because it is present in the fetal environment, relatively hypoxic, and is reactivated 
whenever a stressful situation is present [47,52]. It modifies the expression of contractile 
proteins switching the expression of heavy myosin chain (HMC) from the more efficient but 
more energy expensive alpha to the slower but less energy consuming beta isoform, and 
increases the production of some humoral factors (brain natriuretic peptide, BNP ) and of 
several protective proteins (heat shock proteins, HSP). The cardioprotective pathway of the 
PI3K and Akt, activated during pre- and post-conditioning, is also activated by the fetal 
gene program supplying an antiapoptotic protection and leading to an overlapping between 
cardioprotection in chronic ischemia and ischemic preconditioning [52]. The metabolic 
component is mainly regulated by the enzyme pyruvate deydrogenase kinase (PDHK4) 
phosphorylating and inactivating pyruvate deydrogenase (PDH) and inhibiting the 
transformation into Acetyl-CoA that could enter the TCA; it is instead transformed into 
lactate by LDH allowing a continued production of ATP also in low oxygen settings. This 
activation of glycolysis, such as the dependent increase in GLUT1,4, in LDH and glycolytic 
enzymes is mainly controlled by the transcription factor HIF-1 that is upregulated in the 
settings of ischemia\hypoxia but also in non-hypoxic conditions such as during 
inflammatory states and tumours because its expression is increased through a cross-talk 
with NF-kB [53]. On the other hand hypoxia and inflammation are not completely separated 
conditions as showed by the induction of TLR4 and TLR6 by HIF-1 during hypoxia [54]. 
HIF-1 is composed by a constitutively expressed HIF-1 subunit and an oxygen-sensitive 
HIF-1 subunit, target under normoxic conditions of three prolyl hydroxilases 
1,2,3(PDH1,2,3), the hydroxylation allows the binding of the von Hippel-Lindau protein 
(VHL) and the consequent ubiquitination and proteasome degradation of HIF-1. On the 
contrary during hypoxia PDH2 activity is reduced with accumulation of HIF-1, its 
dimerization with HIF-1 and the expression of many target genes [55].  

The increased expression of HIF-1 causes at the same time a downregulation of 
mitochondrial lipid oxidation depressing the expression of the transcription factor PPAR 
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increase in FAO causes a proportional decrease in glucose uptake and oxidation with 
hyperglycemia. This mechanism has been considered important in the pathophysiology of 
diabetes mellitus type2 (T2DM). Conversely glucose uptake and oxidation to acetyl CoA 
and pyruvate involves the conversion to malonylCoA by ACC leading to inhibition of CPT-
1 and consequently of FAO; moreover insulin decreases lipolysis and the level of FFA. 
During starvation increased lipolysis raises FFA uptake and oxidation inhibiting glucose 
oxidation and favouring accumulation of pyruvate and lactate redirected to glycogen 
synthesis allowing also glucose sparing for the brain. Conversely after a glucose rich meal 
the increased uptake and utilization of glucose inhibit the utilization of FFA through the 
accumulation of malonylCoA. The normal heart responds to an increase in workload by 
switching from FFA to preferential glucose utilization. The Randle cycle explains how the 
heart regulates the fuel selection in the short term to face physiologic challenges however 
the long-term adaptation to physiologic and pathophysiologic conditions is mediated by 
translational and post-translational modifications rather than by the metabolic ones. A 
fitting example is the metabolic switch occurring after birth. During the fetal life the heart, 
probably because of the relatively hypoxic medium, relies more on carbohydrate 
metabolism, whereas in the adult myocardiocyte glycogen occupies less than 2% of the cell 
volume, in the fetal cells it represents more than 30% of the cell volume [47]. After birth the 
heart, due probably to the increased availability of oxygen, prefers FFA oxidation because of 
the discontinuous availability of metabolites and the elevated fat content of mother’s milk; 
the metabolic shift is accompanied by increased expression of the enzymes involved in FAO. 
The utilization of both lipid and carbohydrates has advantages and drawbacks: the complete 
oxidation of a molecule of palmitic acid (molecular mass 256,43) yields more ATP (105 
molecules vs 31) but consumes much more oxygen (46 atoms vs 12) than the oxidation of a 
molecule of glucose. Moreover the oxidation of lipid produces more oxidative stress, a 
drawback partially corrected by the increased production of the uncoupling protein 
3(UCP3) and differently from anaerobic glycolysis it is not available in hypoxic or ischemic 
settings. Such long term substrate modifications are transcriptionally regulated and the 
switch to carbohydrate utilization is due to a downregulation of the nuclear receptors 
PPAR involved in the transcription of the enzymes of FFA transport and utilization. 

The key enzyme in the regulation of pyruvate metabolism is the PDH. The activity of cardiac 
PDH is mainly modulated by the PDH kinase (PDHK4), an isoform of the kinase 
phosphorylating and transforming PDH from the active to the inactive form. Short-term 
metabolic inhibition of PDHK4 is affected by pyruvate while its activation is affected by acetyl 
CoA and NADH. The long-term regulation is determined by many conditions characterized 
by insulin deficiency (diabetes) or resistance (starvation, high-fat diet, and hyperthyroidism) 
that increase PDHK expression, while insulin suppresses its production [35,36,38]. 

3. The metabolic myocardial switch 

In pathological conditions a long term modification in substrate preference may be present: the 
diabetic heart relies almost exclusively on FAO [48], on the contrary the myocardium submitted 
to mechanical, ischemic\hypoxic or inflammatory stress switches to the anaerobic glycolysis, 
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which can also continue in an environment poor in oxygen. Even though glycolysis allows a 
much lesser production of energy (2 molecules of ATP instead of 36 per molecule of glucose 
oxidized) through the transformation of pyruvate into lactate by LDH it presents the advantage 
to go on also in a hypoxic setting; however this process, which in the short-term is adaptive, in 
the long-term becomes maladaptive because of the reduced energy production [49]. The better 
the heart defends itself in the presence of stressful events, the more easily it is able to switch to 
the type of metabolism more efficient in that situation and the more it is provided with 
metabolic flexibility. Thus the survival of the myocardium depends, in these conditions, on an 
increased supply of glucose that is assured by the augmentation of the main transmembrane 
glucose transporters, GLUT1 and GLUT4. GLUT1 is present ubiquitously, augments in 
presence of reduced glucose levels and during inflammatory, metabolic and osmotic stress [50]; 
GLUT4 is present in the adipose tissue, heart, liver and in the striated muscle and is the typical 
insulin-dependent transporter. The increase in glucose transporters, mainly in GLUT1, has an 
adaptive meaning in the stressed heart; its overexpression protects against experimental 
ventricular hypertrophy, at least until cardiac failure appears, causing its downregulation [51]. 

This metabolic remodelling seems to be controlled by the fetal gene program, so called 
because it is present in the fetal environment, relatively hypoxic, and is reactivated 
whenever a stressful situation is present [47,52]. It modifies the expression of contractile 
proteins switching the expression of heavy myosin chain (HMC) from the more efficient but 
more energy expensive alpha to the slower but less energy consuming beta isoform, and 
increases the production of some humoral factors (brain natriuretic peptide, BNP ) and of 
several protective proteins (heat shock proteins, HSP). The cardioprotective pathway of the 
PI3K and Akt, activated during pre- and post-conditioning, is also activated by the fetal 
gene program supplying an antiapoptotic protection and leading to an overlapping between 
cardioprotection in chronic ischemia and ischemic preconditioning [52]. The metabolic 
component is mainly regulated by the enzyme pyruvate deydrogenase kinase (PDHK4) 
phosphorylating and inactivating pyruvate deydrogenase (PDH) and inhibiting the 
transformation into Acetyl-CoA that could enter the TCA; it is instead transformed into 
lactate by LDH allowing a continued production of ATP also in low oxygen settings. This 
activation of glycolysis, such as the dependent increase in GLUT1,4, in LDH and glycolytic 
enzymes is mainly controlled by the transcription factor HIF-1 that is upregulated in the 
settings of ischemia\hypoxia but also in non-hypoxic conditions such as during 
inflammatory states and tumours because its expression is increased through a cross-talk 
with NF-kB [53]. On the other hand hypoxia and inflammation are not completely separated 
conditions as showed by the induction of TLR4 and TLR6 by HIF-1 during hypoxia [54]. 
HIF-1 is composed by a constitutively expressed HIF-1 subunit and an oxygen-sensitive 
HIF-1 subunit, target under normoxic conditions of three prolyl hydroxilases 
1,2,3(PDH1,2,3), the hydroxylation allows the binding of the von Hippel-Lindau protein 
(VHL) and the consequent ubiquitination and proteasome degradation of HIF-1. On the 
contrary during hypoxia PDH2 activity is reduced with accumulation of HIF-1, its 
dimerization with HIF-1 and the expression of many target genes [55].  

The increased expression of HIF-1 causes at the same time a downregulation of 
mitochondrial lipid oxidation depressing the expression of the transcription factor PPAR 
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(possessing a DNA consensus motif for HIF-1)[56] and an upregulation of PPAR activating 
fatty acid uptake and glycerolipid biosynthesis so leading to lipotoxicity [57]. HIF-1 
stimulates also mitochondrial autophagy to rebalance the reduced oxidation with 
mitochondrial mass[ 58]. The stimulation of glycolysis by HIF-1 has an important role in 
sepsis because the phagocytes use huge quantities of glucose through glycolysis in the 
hypoxic environment of the inflamed tissues either for cell migration either for phagocytosis 
and bacterial killing [59]. The activity of HIF-1 is regulated by acetylation performed by 
CBP\p300 and inhibited by deacetylation by SIRT1. The inverse shift to mitochondrial lipid 
oxidation is controlled by SIRT1 which increases the expression of PGC-1 with 
simultaneous activation of both mitochondrial biogenesis and lipid oxidation through 
PPAR upregulation. SIRT1 and HIF-1 are reciprocally regulated so that in the 
hypoxic\inflammatory setting HIF- is activated while Sirt1 is decreased due to NAD+ 
scarcity so inhibiting HIF-deacetylation and inactivation while in normoxic environment 
HIF-is inactivated by oxygen-dependent prolyl hydroxylases PHD2 activated by SIRT1.  
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Figure 1. Metabolic switch. See text for explanation. 

Sirtuins are class III NAD+-dependant histone deacetylases (HDAC) targeting histones, 
transcription factors and enzymes regulating in this way gene expression and metabolic 
function in relation to the energy status of the cell [60-64]. They have been related to the 
regulation of metabolism, apoptosis and inflammation, to extending life span and to the 
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healthy aging. Sirtuins exist in seven forms with different subcellular localization: SIRT1,6,7 
present in nucleus, SIRT2 in cytoplasm, SIRT3,4,5 in the mitochondria. Because they are 
mainly regulated by the levels of NAD+, the AMPK that increases its concentration 
upregulates their expression while the DNA-repairing enzyme poly(ADP-ribose) 
polymerase 1 (PARP), activated whenever there is an oxidative stress and consuming for its 
activity high quantities of NAD+, downregulates sirtuin expression . SIRT1 is able to 
deacetylate and activate a series of transcription factors involved in many steps of 
metabolism (AMPK, FOXO, HIF-1, PGC-1, p53NF-κBPPAR and , LXR,FXR,ERR). 
Mitochondrial sirtuins are in a critical location to regulate metabolism and biogenesis of the 
organelles controlling oxidative phosphorylation (OXPHOS), intracellular Calcium and the 
production of ROS [65]. SIRT1 is also regulated via microRNA: microRNA34a 
downregulates its expression metabolically and microRNA199a in the hypoxic setting 
[66,67]. Statins have been showed to upregulate SIRT1 expression in endothelial cells 
contributing possibly to improve clinically endothelial function [68]. 
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4. Transcriptional regulation of FFA transport, uptake and oxidation 

Transport, uptake and oxidation of FFA in the cell is a process tightly regulated by several 
transcription factors belonging to the nuclear hormone receptor superfamily. The nuclear 
receptors involved include the peroxisome proliferator-activated receptors (PPARs), liver X 
receptors (LXRs), farnesoid X receptor (FXR) and ERR (estrogen related receptor), which 
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PPAR upregulation. SIRT1 and HIF-1 are reciprocally regulated so that in the 
hypoxic\inflammatory setting HIF- is activated while Sirt1 is decreased due to NAD+ 
scarcity so inhibiting HIF-deacetylation and inactivation while in normoxic environment 
HIF-is inactivated by oxygen-dependent prolyl hydroxylases PHD2 activated by SIRT1.  

Environment rich
in oxygen, diet rich
in lipids, starvation,
diabetes

Metabolic
switch

Preferential utilization
of lipid

nuclear respiratory factorsPPAR
PGC-1
SIRT1
AMPK

Upregulation of FAO
enzymes and 

mitochondrial biogenesis

Increase

Transcriptional and genetic regulation of substrate preference in the heart

NRF1, NRF2
mtTFA

Ischemia-hypoxia
Hypertrophy
Inflammation
Mechanical overload

Glucose utilization
via glycolysis

PPAR
PGC-1
S
AMPK

Downregulation of FAO
(fatty acid oxidation) enzymes
and mitochondrial biogenesis

Fetal gene program

Reduce

mitochondrial transcription factor A

HIF-1

 
Figure 1. Metabolic switch. See text for explanation. 

Sirtuins are class III NAD+-dependant histone deacetylases (HDAC) targeting histones, 
transcription factors and enzymes regulating in this way gene expression and metabolic 
function in relation to the energy status of the cell [60-64]. They have been related to the 
regulation of metabolism, apoptosis and inflammation, to extending life span and to the 

 
The Role of Altered Lipid Metabolism in Septic Myocardial Dysfunction 331 
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4. Transcriptional regulation of FFA transport, uptake and oxidation 

Transport, uptake and oxidation of FFA in the cell is a process tightly regulated by several 
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receptors involved include the peroxisome proliferator-activated receptors (PPARs), liver X 
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bind and are activated by lipids, acting as sensors of endocrine signals and of dietary 
components and planners of the physiological response to nutrients. PPARs, the most 
important of them, are present in three types (alpha, beta and gamma), besides their action 
as lipids sensors, they are involved in the regulation of lipid and glucose metabolism, 
insulin sensitivity and modulation of inflammation (for review see [69-71]); their actions are 
partially overlapping with a certain degree of redundancy but they are not coincident. In 
elucidating the function of PPARs an important role has been played by the studies in 
genetically modified mice with overexpression or deletion of these nuclear receptors. PPARs 
are activated by endogenous ligands, FFA or their derivatives (arachidonic acid, 
eicosanoids, leukotrienes and oxidized lipoproteins) but there are also known exogenous 
ligands, used as drugs, for PPAR (fibrates) and PPAR (thiazolidinediones) or for both 
PPAR and (muraglitazar) [72]. 

The PPARs form heterodimers with retinoid X receptors (RXR) and bind to consensus DNA 
sequences in the promoter of the target genes, the PPAR response binding element (PPRE), 
formed by two hexameric nucleotides sequences separated by one base pair. In the absence of 
ligands the heterodimer binds with the co-repressors, blocking gene transcription; when 
activated by ligands, the complex, because of a change of conformation, releases the co-
repressors and recruits the co-activators and the RNA polymerase giving rise to transcription. 
PPAR are expressed mainly in tissues with high oxidative metabolism such as heart, muscle 
and liver. PPAR are expressed at high levels only in adipose tissue where they regulate the 
maturation and fat deposition in adipocytes so indirectly regulating, through the plasma level 
of FFA, the insulin sensitivity; they are however expressed at low level in many organs among 
which the heart [73]. Whereas PPAR and  share the ability to activate the transcription of 
proteins involved in FFA uptake, storage and oxidation, PPAR only activate the proteins 
involved in FFA oxidation. Also different are the effects on glucose metabolism: PPAR 
depress glucose oxidation whereas PPAR activate glycolysis (through PDHK4 activation) and 
glucose uptake; PPARactivate only glucose uptake [69,74]. 

PPAR\ are expressed in various tissues where they regulate lipid but even glucose 
metabolism. PPAR also regulate mitochondrial biogenesis through interaction with the 
PPAR coactivator 1 (PGC-1) network (see below)[74]. Because FAO takes mainly place in 
mitochondria (only the breakdown of very long chain fatty acids, subsequently converted 
to medium chain fatty acids and shuttled to mitochondria, takes place in the peroxisomes) 
there is a common regulatory mechanism for FAO and mitochondrial biogenesis 
controlled by PPARs and by the network of PGC-1. The PPAR mainly but also the 
PPAR have been showed, in several model systems, to modulate inflammation by 
transrepressing target genes of the transcription factors NF-κB, nuclear factor of activated 
T cells (NFAT), activator protein 1 (AP1) and signal transducers and activators of 
transcription (STATs) through a process called transrepression [75-77] so modulating the 
action of lymphocytes, macrophages and dendritic cells. This process has twofold 
importance, on the one side it may regulate the inflammation induced by tissue 
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macrophages, involved in the low grade inflammation and important in dysmetabolic 
conditions such as reduced insulin sensitivity, metabolic syndrome and atherosclerosis on 
the other side it may be of critical interest in regulating inflammatory reaction in sepsis 
[78]. LXRs and FXR heterodimerize also with RXR and are activated respectively by 
oxysterol and bile acids: both exist in the isoforms  and , contribute to lipid and 
lipoprotein regulation and modulate inflammation. In the regulation of FAO a 
fundamental role is also played by the orphan receptor (transcription factors without an 
identified endogenous ligand) ERR (estrogen related receptor) involved also in the 
regulation of mitochondrial biogenesis, gluconeogenesis and oxidative phosphorylation 
by interacting with PPAR and  and PGC-1 [79]. 

5. TG delivery: Lipolysis  

The amount of lipid in the myocardial cell is regulated by the balance between TG delivery to 
the heart through the VLDL- regulated by lipolysis- and the oxidation of TG in the 
myocardiocyte. Considering their importance in cellular signalling, lipid synthesis and as 
energy substrates, the level of circulating TG and FFA is tightly regulated [80]. Adipocytes are 
the only cells able to hydrolize TG giving rise to FFA and glycerol utilized by other tissues. 
This process is initiated by the adipose triglyceride lipase (ATGL) catalysing the hydrolysis of 
triglycerides to diglycerides followed by the hydrolysis of diglycerides to monoglycerides by 
the hormone-sensitive lipase (HSL) able also to catalyse the first phase and of monoglycerides 
to TG and glycerol by the monoglyceride lipase (MGL)[81-83]. ATGL deficiency is associated 
with fat deposition in all tissues indicating that ATGL is rate limiting in the catabolism of 
cellular fat depots [84]. Lipolysis is also regulated by perilipin , a protein coating the lipid 
droplets, that exposes TG of a lipid droplet to the action of the lipases [85].  

Many substances may activate physiologically and in diseases HSL, the more important 
enzyme for its sensitivity to the hormonal regulation but also for its action modulating 
adipogenesis and adipose metabolism [86]. Catecholamines acting through β1, β2 and also 3 
receptors coupled to a G stimulating (Gs) protein are the main stimulators of HSL; the alpha2 
receptors inhibit instead lipolysis through a G inhibitory (Gi) protein, this effect may be 
antagonized by administration of beta-blockers. Also natriuretic peptides are able to enhance 
lipolysis by activating guanylyl cyclase and increasing cGMP [83]. TNF IL1 and IL6 
increase HSL activity through the stimulation of several kinases of the MAP kinase cascade 
(janus kinases (JNK), p44\42 and extracellular signal-regulated kinase-1/2 ( ERK1/2) and the 
consequent increase in cAMP [87,88]. These kinases phosphorylate perilipin allowing HSL and 
ATGL to access and hydrolyse TG; this effect was prevented by metformin [89]. 

LPS may activate lipolysis by increasing ILs level, the demonstration however that the 
inhibition of TNF-alpha, IL1 and cathecolamines could not prevent lipolysis in endotoxemic 
rats, led to show a direct lipolytic action carried out by low-dose endotoxin [90].This action 
is not mediated by an increase in cAMP, activation of PKA or PKC or inhibition of NFkB but 
through phosphorylation of perilipin by LTR4 and ERK1/2. 
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macrophages, involved in the low grade inflammation and important in dysmetabolic 
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fundamental role is also played by the orphan receptor (transcription factors without an 
identified endogenous ligand) ERR (estrogen related receptor) involved also in the 
regulation of mitochondrial biogenesis, gluconeogenesis and oxidative phosphorylation 
by interacting with PPAR and  and PGC-1 [79]. 
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The amount of lipid in the myocardial cell is regulated by the balance between TG delivery to 
the heart through the VLDL- regulated by lipolysis- and the oxidation of TG in the 
myocardiocyte. Considering their importance in cellular signalling, lipid synthesis and as 
energy substrates, the level of circulating TG and FFA is tightly regulated [80]. Adipocytes are 
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the hormone-sensitive lipase (HSL) able also to catalyse the first phase and of monoglycerides 
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droplets, that exposes TG of a lipid droplet to the action of the lipases [85].  
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enzyme for its sensitivity to the hormonal regulation but also for its action modulating 
adipogenesis and adipose metabolism [86]. Catecholamines acting through β1, β2 and also 3 
receptors coupled to a G stimulating (Gs) protein are the main stimulators of HSL; the alpha2 
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increase HSL activity through the stimulation of several kinases of the MAP kinase cascade 
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consequent increase in cAMP [87,88]. These kinases phosphorylate perilipin allowing HSL and 
ATGL to access and hydrolyse TG; this effect was prevented by metformin [89]. 

LPS may activate lipolysis by increasing ILs level, the demonstration however that the 
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is not mediated by an increase in cAMP, activation of PKA or PKC or inhibition of NFkB but 
through phosphorylation of perilipin by LTR4 and ERK1/2. 
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The main inhibitor of lipolysis is insulin through the insulin-like receptor substrates 1and 
2(IRS-1and 2) that activate the phosphadityl inositol 3-kinase(PI3K) complex and 
phosphorylate and activate the phosphodiesterase 3(PDE-3) [80]. Insulin acts also via an 
Akt-Independent PI3K-dependent signalling pathway which modifies PKA 
phosphorylation of perilipin [91]. The reduction in insulin activity is responsible for 
increased lipolysis in diabetes and obesity together with the reduction in the insulin-
sensitizing activity of adiponectin [92] probably linked to the adipose tissue dysfunction 
described in sepsis [17,18]. Moreover adiponectin may reduce fat deposition in visceral 
adipose tissue increasing the deposit in the subcutaneous compartment through PPARγ 
upregulation [18]. The lipolytic activity is differently regulated in subcutaneous and 
visceral fat: the former, more important for the basal activity, is more sensitive to the 
antilipolytic action of insulin, the latter is mainly activated during hormonal stimulation 
and provides FFA directly to the liver through the portal circulation in physiological and 
pathophysiological situations. In sepsis seems to be present a failure of adipocytes 
differentiation leading to a decreased storage ability of the subcutaneous tissue allowing 
FFA to be accumulated in visceral fat (with an increase in the metabolic and 
cardiovascular risk) and in organs giving rise to lipotoxicity for the concomitant reduction 
of FAO [18]. Lipolysis is increased in sepsis [14] due to a raised activity of the lipases of 
the adipose tissue, mainly the HSL, because of the increased plasma level of 
catecholamines, ILs and natriuretic peptides and the reduced activity of insulin and 
adiponectin (fig 3). 
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Figure 3. Lipolysis in sepsis. See text for explanation. 
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5.1. Lipoprotein metabolism in sepsis  

Sepsis and inflammation reproduce an atherogenic picture of serum lipoproteins [93] with 
an early reduction -preceding even the change in leukocytes- of total HDL- and LDL-
cholesterol, an increase in VLDL and TG justified by augmented liver synthesis and 
lipolysis, a reduction in HDL phospholipids compensated by an increase in VLDL 
phospholipids. 

5.2. HDL in sepsis 

Until recently HDL were considered as devoted only to reverse cholesterol transport (RCT), 
a process through which the cholesterol is transferred from the cells to the acceptor 
apolipoproteinA-1 by the specific transporter A binding cassette 1(ABC1) and delivered to 
the liver where it is finally secreted and eliminated in the bile, the only way of its removal 
from the body. The recent application in this field of the Gel Filtration Chromatography 
based proteomics revealed that HDL contain not only apo-A1, apo-A2 and some enzymatic 
and transfer protein involved in cholesterol transport but more than 50 other associated 
proteins [94]. Many of the proteins isolated carry out functions completely different from 
RCT belonging to the complement proteins (C3,C1 inhibitor, factor H) and to serine protease 
inhibitors (SERPIN) [95-97]. The recent attainments point to an important role of HDL in 
immunity and in the modulation of the inflammatory response but they are also involved in 
a lot of disparate functions ranging from glucose metabolism to endothelial protection 
displaying also an antithrombotic action (for review see [98,99]). Of main importance in 
sepsis is the property of HDL to bind and neutralize LPS, mediated through its content in 
phospholipids. 

HDLs may carry out anti-inflammatory actions in many ways: they downregulate the 
proinflammatory transcription factor NF-kB through a not yet completely understood 
mechanism -probably by the reduced degradation of Inhibitor kappa-B-a (IkB-a) [100]-, 
moreover they reduce the expression of the adhesion molecules CD11b and MCP-1 on 
human monocytes [97] and may curtail TNF-alpha production and upregulate IL-10 
production by lymphocytes. The normal anti-inflammatory function of HDLs turns into a 
proinflammatory one during the acute phase reaction (APR) when they become 
dysfunctional [101]. The reasons for this change are manifold: there is a reduction in ApoA-1 
levels, partially substituted by serum amyloid A apolipoprotein (Apo-SAA), their size is 
smaller because of a reduced activity of lecytin cholesterol acyl transferase (LCAT), enzyme 
deputed to esterification of cholesterol that allows the enlargement of HDL, HDLs become 
poorer in the antioxidant enzymes paraoxanase [102,103]. 

The interference with the function of the inflammatory cells may be direct or mediated by 
the effect of the HDL on the reduction of cellular cholesterol and of cholesterol-enriched 
microdomains or rafts of their plasma membrane; this is also showed by the increased 
lethality and inflammatory response observed during sepsis in transgenic null mice for 
critical receptors involved in cholesterol efflux as SR-BI and ACBA1 [104]. 
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Figure 3. Lipolysis in sepsis. See text for explanation. 
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Lipid Metabolism  336 

Mitochondrial 
dysfunction

 
Figure 4. Relationships among mitochondrial dysfunction, metabolism, and contractility. See text for 
explanation. 

HDL may bind and inactivate LPS mainly through their phospholipid component [105,106], 
in sepsis and inflammation because of the HDL reduction their LPS inhibiting function is 
assumed by the VLDL phospholipids. 

Also the endothelial function is modified through an increased production of nitric oxide (NO) 
by the stimulation of endothelial nitric oxide synthase (eNOS) mediated by the activation of 
the protective PI3K\Akt pathway leading to vasodilation, antiadhesion and anti-inflammatory 
effects [107]. A similar cardioprotective and antiapoptotic action of HDL have been shown 
through the activation of Stat3 mediated by sphingosine 1 phosphate (S1P), one of their 
common component [108]. The recombinant HDL(rHDL) or HDL mimetics, currently under 
clinical trial, are provided with the same actions attributed to the HDL [109,110]. The level of 
total, HDL- and LDL-cholesterol is decreased in septic and critically ill patients, as well as in 
experimental animals infused with LPS and proinflammatory cytokines and the decrease is 
negatively related to IL6 and TNFa concentrations [111]; HDL reduction is also related to 
mortality and severity of the disease [105,106]. 

The reduced level of serum HDL and cholesterol in sepsis is explained by a reduced RCT 
[112] mediated by the LPS-induced downregulation of the scavenger receptors SR-B1 and 
ABCA1 [113]. The sequestration of the cholesterol into the cell may be useful in the short 
term, due to the increased delivery to the immune cells, but harmful in the long run because 
of the decreased delivery to the steroidogenetic and liver cells and to the atherogenic picture 
it induces. 

5.3. VLDL  

VLDL are a circulant reservoir of TG and FFA able to activate PPAR and [ In clinical 
sepsis and experimental endotoxemia the serum level of VLDL, FFA and TG is increased 
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due to the upregulation of the hepatic synthesis of TG, FFA and apoB, to the increased 
lipolysis, decreased lipid oxidation and inhibition of LPL [103]. The increased lipolysis in 
sepsis is due to the activation of the hormone-sensitive lipase (HSL) by catecholamines 
acting through PKA stimulation and cAMP increase. To the increased lipolysis contribute 
also the increased level of ILs, of natriuretic peptides and the reduction in insulin and 
adiponectin activity (see paragraph on lipolysis).  

Feingold, in mice, showed that LPS reduced in the heart, diaphragm and kidneys [115-117] 
the levels of many enzymes involved in the fatty acid metabolism (FATP1,MCAD, CD36, 
CPT1 etc) through the reduced expression of many transcription factors: PPARand 
LXR, FXRpregnane X receptors and their coactivators PPAR coactivator 1and 
(PGC-1andsteroid coactivator receptor 1 and 2 (SRC1-2) and ERR. The 
downregulation of the nuclear receptors can be reproduced by IL-1 and TNF 
administration. Maitra and colleagues described an important role for IRAK1, a signalling 
component downstream of TLR4, in the downregulation of these transcription factors in 
sepsis showing that IRAK1 -/- mice were protected against alterations in lipid metabolism 
[118]. Because all these factors are deacetylated and activated by SIRT1 their 
downregulation in sepsis may play an important causative role [68] (see the paragraphs on 
metabolic switch and mitochondrial dysfunction). 

The increase in VLDL during sepsis, traditionally considered as a reaction mobilizing lipid 
stores to delivery an increased amount to the immune cells, may also have a protective 
meaning: the increased level of serum VLDL and of their content in phospholipids can 
substitute for the HDL in binding and neutralizing LPS [119,120].  

6. Mitochondrial dysfunction play an important role in septic 
cardiomyopathy  

Mitochondrial dysfunction -present in sepsis but also in many other pathological states such 
as chronic heart failure, diabetes mellitus, metabolic syndrome and several 
neurodegenerative diseases- is a syndrome characterized by a picture of reduced oxygen 
consumption, ineffective ATP production, increased accumulation of ROS and calcium in 
the organelle leading to the opening in the internal mitochondrial membrane of a high 
conduction pore allowing the entry of solutes until a molecular weight of 1.500, with 
mitochondrial swelling, collapse of the electron gradient, release of proapoptotic proteins 
and death of the organelle (mitoptosis) followed by mitophagy: this phenomenon called 
mitochondrial permeability transition pore (MPTP) has an important role in sepsis and its 
inhibition may experimentally improve septic myocardial dysfunction [28,121-123]. 

Mitochondrial functionality is regulated by the equilibrium between de novo mitochondrial 
formation (mitochondrial biogenesis) and mitochondrial autophagy (mitophagy), frequently 
preceding whole cell autophagy. This latter process, taking place only in deenergized 
organelles, is very important for cell survival because it allows the elimination of 
dysfunctional mitochondria, producing too much radical oxygen species(ROS) and assures 
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due to the upregulation of the hepatic synthesis of TG, FFA and apoB, to the increased 
lipolysis, decreased lipid oxidation and inhibition of LPL [103]. The increased lipolysis in 
sepsis is due to the activation of the hormone-sensitive lipase (HSL) by catecholamines 
acting through PKA stimulation and cAMP increase. To the increased lipolysis contribute 
also the increased level of ILs, of natriuretic peptides and the reduction in insulin and 
adiponectin activity (see paragraph on lipolysis).  

Feingold, in mice, showed that LPS reduced in the heart, diaphragm and kidneys [115-117] 
the levels of many enzymes involved in the fatty acid metabolism (FATP1,MCAD, CD36, 
CPT1 etc) through the reduced expression of many transcription factors: PPARand 
LXR, FXRpregnane X receptors and their coactivators PPAR coactivator 1and 
(PGC-1andsteroid coactivator receptor 1 and 2 (SRC1-2) and ERR. The 
downregulation of the nuclear receptors can be reproduced by IL-1 and TNF 
administration. Maitra and colleagues described an important role for IRAK1, a signalling 
component downstream of TLR4, in the downregulation of these transcription factors in 
sepsis showing that IRAK1 -/- mice were protected against alterations in lipid metabolism 
[118]. Because all these factors are deacetylated and activated by SIRT1 their 
downregulation in sepsis may play an important causative role [68] (see the paragraphs on 
metabolic switch and mitochondrial dysfunction). 

The increase in VLDL during sepsis, traditionally considered as a reaction mobilizing lipid 
stores to delivery an increased amount to the immune cells, may also have a protective 
meaning: the increased level of serum VLDL and of their content in phospholipids can 
substitute for the HDL in binding and neutralizing LPS [119,120].  

6. Mitochondrial dysfunction play an important role in septic 
cardiomyopathy  

Mitochondrial dysfunction -present in sepsis but also in many other pathological states such 
as chronic heart failure, diabetes mellitus, metabolic syndrome and several 
neurodegenerative diseases- is a syndrome characterized by a picture of reduced oxygen 
consumption, ineffective ATP production, increased accumulation of ROS and calcium in 
the organelle leading to the opening in the internal mitochondrial membrane of a high 
conduction pore allowing the entry of solutes until a molecular weight of 1.500, with 
mitochondrial swelling, collapse of the electron gradient, release of proapoptotic proteins 
and death of the organelle (mitoptosis) followed by mitophagy: this phenomenon called 
mitochondrial permeability transition pore (MPTP) has an important role in sepsis and its 
inhibition may experimentally improve septic myocardial dysfunction [28,121-123]. 

Mitochondrial functionality is regulated by the equilibrium between de novo mitochondrial 
formation (mitochondrial biogenesis) and mitochondrial autophagy (mitophagy), frequently 
preceding whole cell autophagy. This latter process, taking place only in deenergized 
organelles, is very important for cell survival because it allows the elimination of 
dysfunctional mitochondria, producing too much radical oxygen species(ROS) and assures 
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the high quality of the mitochondria provided with a high membrane potential and resistant 
to MPTP [124]. Moreover autophagy has been shown to be protective in ischemia-
reperfusion injury (IRI) and inflammation by inhibiting the exposition of mtDNA and the 
consequent activation of the inflammasome NALP3 [125]. Autophagy involves a complex 
molecular machinery including more than 30 Atg (AutophaGy-related) proteins and 50 
lysosomal hydrolases [126]. 

The mitochondrial biogenesis is orchestrated by PPARand \by the ERR and above all 
by the network PGC-1PGCand PGC-1 related coactivator (PRC), factors enriched in 
tissues with high oxidative capacity (heart, muscle, brown adipose tissue and kidneys) and 
highly inducible by starvation, exercise and cold acclimation (126-128); PGC-is also 
induced by Ils [129]Mice with single deficiency in PGC-1 or PGC- display only minimal 
alteration under nonstressed conditions and have a normal mitochondrial mass [130,131] 
whereas mice with double deletion of both PGC-1 forms died shortly after birth with small 
hearts, bradycardia, intermittent heart block, and a markedly reduced cardiac output [132], 
allowing to think that one isoform may compensate for the other. Mitochondrial 
biogenesisto take place needs the transcription of the genes controlled by mitochondrial 
DNA, a process activated by the mitochondrial transcription factor A (Tfam), a nuclear-
encoded transcription factor essential for replication, maintenance and transcription of 
mitochondrial DNA [133]. The majority of the genes codifying mitochondrial proteins are 
however present in nuclear DNA and are activated, such as Tfam, by the nuclear respiratory 
factors 1 and 2 (NRF1 and NRF2). PGC-1 coordinates the function of NRF1, NRF2 and Tfam, 
regulating mitochondrial biogenesis and, through the complex PPARs-ERRs, controls FAO 
such that a prompt adaptive response to physiological events as cold acclimation, exercise, 
starvation etc may be possible with selection of the most suitable level of FFA oxidation 
needed in the particular situation. 

Cardiac contractile activity is linked to the mitochondrial biogenesis because an increase in 
intracellular calcium increases the expression of PGC-1 via calcineurin (CaN) -activating also 
PPARpromoter and FAO- and Ca-calmodulin dependent kinase (CaMK), a process 
requiring cAMP response element-binding protein (CREB)(126,133): in this way the contractile 
activity is strictly linked to the metabolism and to the mitochondrial oxidative function. 

PGC-1 expression is also controlled hormonally by tyroid hormones (TH), metabolically via 
adrenergic system and cAMP, by AMPK and p38 MAPK through phosphorylation [126,133] 
and by eNOS-produced NO. The cellular mitochondrial content is proportional to the 
energy requirement [75], mitochondrial biogenesis is therefore controlled by the two main 
energy sensors in the cell: Sirt1(silent mating type information regulator 2 homolog 1) and 
AMPK act coordinately to control PGC-1 activity respectively through deacetylation and 
phosphorylation. Sirtuins are class III histone deacetylating enzymes supplied by AMPK 
with the adequate level of the NAD+, essential activator of Sirt1 that in turn deacetylates 
PGC-1 and activates its gene expression [75]. Sirt1 is also an important in vivo regulator of 
mitophagy by deacetylation of the autophagy genes Atg5, Atg7 and Atg8 [134], linking this 
protective mechanism, devoted to the clearance of depotentiated mitochondria, with PGC-
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1a mediated biogenesis. For biogenesis to occur it is necessary mitochondria undergo the 
processes of fusion and fission regulated respectively by mitofusins (Mfn1-2) and by 
dynamin-related protein(DRP1 and OPA1) [126]. 

The first description of mitochondrial dysfunction in sepsis dates back to 1970’ [135,136], but 
the initial studies were not reliable due to inadequate techniques to test mitochondrial 
function. More recent studies however linked the altered oxygen utilization and ATP 
production in sepsis to mitochondrial dysfunction (137,138), even though there are substantial 
differences among the sepsis model induced by LPS administration in which is present a 
widespread mitochondrial damage and the CLP model characterized by a less evident 
mitochondrial pathology because damaged organelles undergo autolysis and autophagy [139]. 
Several alterations have been described in mitochondria in experimental and human sepsis 
both morphological (swelling, destruction of cristae, decreased electron density, breaks in 
membrane and altered outer membrane integrity) and biochemical (release of cytochrome c, 
decreased mtDNA copy number, reduced activity of Complexes I and III) [28,140,141]; their 
extent has been related to outcome [142]. Several studies showed an initial increase of 
mitochondrial activity in sepsis, followed by a reduction. Singer [132] hypothesized that, after 
a metabolic stimulation of mitochondrial function. caused by the excessive inflammatory 
response, in the successive phase there is a metabolic downregulation determined by the 
mitochondrial dysfunction. In this latter phase a stimulation of oxygen consumption (VO2) 
would be harmful because it forces mitochondria, adapted to a reduction of metabolism, to 
overwork without being prepared for it. The restorative phase of sepsis is linked to the 
activation of mitochondrial biogenesis; also LPS may have a role in inducing this process 
[140,143]. The absence of relevant cell death by apoptosis or necrosis in parenchymatous 
organs and the ability also of the tissues with less regenerative capacity to recover led to think 
that multiple organ dysfunction syndrome (MODS) were related mainly to a functional 
compromise mediated by endocrine and metabolic alterations and provided with a protective 
role [144-146]. In sepsis a paradoxical increase has been observed, in some tissue, in blood 
oxygen saturation [147], related to outcome and linked to an altered mitochondrial oxygen 
utilization (cytopathic hypoxia) [148], which has been attributed to nitric oxide (NO) 
overproduction by mitochondrial nitric oxide synthase (mtNOS) [149,150] or other NOS 
isoforms: NO competitively inhibits oxygen binding to cytochrome c oxydase (COX) 
determining a tonic inhibition of mitochondrial oxygen consumption, reversible on inhibiting 
its excessive production [151]. The exact role of NO inhibition by COX in vivo in physiologic 
and pathologic conditions is however an unsettled problem [152]. Other gaseous molecules 
share with NO the ability to interact with COX, to inhibit it competitively and to regulate at 
this level the body oxygen consumption [153,154]; they are called gasotransmitters and include 
carbon monoxide (CO) and Hydrogen Sulphide (H2S), this latter molecule was first shown 
able to induce experimentally in mice, but not in pigs and superior mammals, a particular state 
of depression of the metabolism and of the resistance to hypoxia, called “suspended 
animation” (155]. A similar observation has been made with NO and CO in Drosophila 
[156,157]. Exploiting this property of gasotransmitters in the treatment of myocardial and 
cerebral hypoxia\ischemia is tempting, considered also the limitations of the current treatment 
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1a mediated biogenesis. For biogenesis to occur it is necessary mitochondria undergo the 
processes of fusion and fission regulated respectively by mitofusins (Mfn1-2) and by 
dynamin-related protein(DRP1 and OPA1) [126]. 

The first description of mitochondrial dysfunction in sepsis dates back to 1970’ [135,136], but 
the initial studies were not reliable due to inadequate techniques to test mitochondrial 
function. More recent studies however linked the altered oxygen utilization and ATP 
production in sepsis to mitochondrial dysfunction (137,138), even though there are substantial 
differences among the sepsis model induced by LPS administration in which is present a 
widespread mitochondrial damage and the CLP model characterized by a less evident 
mitochondrial pathology because damaged organelles undergo autolysis and autophagy [139]. 
Several alterations have been described in mitochondria in experimental and human sepsis 
both morphological (swelling, destruction of cristae, decreased electron density, breaks in 
membrane and altered outer membrane integrity) and biochemical (release of cytochrome c, 
decreased mtDNA copy number, reduced activity of Complexes I and III) [28,140,141]; their 
extent has been related to outcome [142]. Several studies showed an initial increase of 
mitochondrial activity in sepsis, followed by a reduction. Singer [132] hypothesized that, after 
a metabolic stimulation of mitochondrial function. caused by the excessive inflammatory 
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mitochondrial dysfunction. In this latter phase a stimulation of oxygen consumption (VO2) 
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overwork without being prepared for it. The restorative phase of sepsis is linked to the 
activation of mitochondrial biogenesis; also LPS may have a role in inducing this process 
[140,143]. The absence of relevant cell death by apoptosis or necrosis in parenchymatous 
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oxygen saturation [147], related to outcome and linked to an altered mitochondrial oxygen 
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overproduction by mitochondrial nitric oxide synthase (mtNOS) [149,150] or other NOS 
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its excessive production [151]. The exact role of NO inhibition by COX in vivo in physiologic 
and pathologic conditions is however an unsettled problem [152]. Other gaseous molecules 
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cerebral hypoxia\ischemia is tempting, considered also the limitations of the current treatment 



 
Lipid Metabolism  340 

with hypothermia of the hypoxic organ injury, even though they also have a high toxicity 
[158]. To the picture of metabolic hibernation may contribute, besides NO, also CO and H2S 
increased during sepsis [159-161].  

In addition to the antagonism against COX the higher levels of NO, in presence of an 
increased oxidative stress, by reacting with superoxide, may further injure mitochondria 
determining the formation of the toxic peroxynitrite able to damage the Complex I and III of 
the ETC, the membrane lipid and mitochondrial and nuclear DNA. The available data 
however cannot be explained only by this mechanism; the metabolic ebb phase, coincident 
with CARS and silencing of proinflammatory genes, is characterized by a profound state of 
mitochondrial depression, reduced oxidative metabolism and oxygen consumption leading 
to a state of metabolic hibernation responsible for the depressed cell function during MODS 
in sepsis; mitochondrial depression is however completely reversible on recovery from 
sepsis. Recently Schilling and colleagues showed that LPS administration through TLR4 
stimulation may induce a fuel switch from preferential myocardial use of lipid to glycolysis, 
similar to the one observed in the failing heart, with decreased mitochondrial oxidation, 
lipid accumulation within them and a suppression of the genes encoding PGC-1 and : the 
genetic overexpression of PGC-1 may restore mitochondrial function independently of the 
inflammatory response [162]. Smeding and colleagues [163], on the other hand, observed 
that the sirtuin activator resveratrol protect mitochondria in a mice model of CLP improving 
myocardial dysfunction, preserving energy production but without improving survival. At 
this point some question should be raised: could we think that the mitochondrial 
dysfunction is a reversible event even in the presence of a continuing sepsis? Which may be 
the correct link and the ordinated succession among all the alterations described? 

We try to reconstruct the successive steps leading to mitochondrial dysfunction and to 
metabolic hibernation in sepsis (fig. 5). The first step is the hypercatabolic phase with the 
transient activation of mitochondrial oxidative phosphorylation (OXPHOS) activated by the 
acute hormonal stress response in the very early phase, with increased oxidative and 
nitrosative stress damaging ETC and inducing a downregulation of many of its proteins. 
Immediately after, in the inflammatory setting of sepsis, occurs the shift to glycolysis and the 
activation of mito autophagy. SIRT1 is rapidly deactivated by the reduced function of AMPK, 
the decreased NAD+ levels due to the activation of PARP and by the increased expression of 
miR199a [66]. The stimulation of this enzyme in sepsis was first showed by Fink [148]; recently 
Zhang and colleagues, after LPS administration in mice, observed that the plasma levels of 
ATP, SIRT1 and AMPK decline precipitously after 10’ and remain below the detection level for 
up to 12 h while HIF-1 increases contemporarily along with an increase in mitochondrial 
autophagy. Importantly all these effects are absent in wild type mice treated with resveratrol 
but not in Sirt1 liver knockout mice [164]. This study further confirm the critical role of SIRT1 
that would be downregulated in sepsis for many causes: increased HIF-1 expression, increased 
miR199a expression, drastic reduction of NAD+ by activation of PARP consuming it and 
reduced activity of AMPK supplying it. The main consequence of these modifications are the 
reduced deacetylation by SIRT1 and phosphorylation by AMPK of PGC-1, also PGC 
seems to be reduced in muscle during sepsis [162,165] making impossible a compensation. The 
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role of PARP has also been showed by Soriano in the setting of human septic myocardiopathy 
[166], where the degree of myocardial compromise related well with the staining for the 
product of activated PARP [poly(ADP-ribose) (PAR)], and in many experimental model of 
cardiovascular diseases[167] in which PARP inhibitors provide significant benefits. 
Interestingly the metabolic hibernation in sepsis according to our hypothesis has a different 
starting point from the true mammals hibernation in which the scarcity of nutrients leads to 
increased levels of NAD+ and AMP with AMPK and SIRT1 activation and deacetylation of 
clock protein BMAL1 and the opposite switch from glucose to lipid metabolism [168]. The 
connection between bioenergetics impairment and inflammation in sepsis has also been 
studied by Liu and colleagues [169-170] that underline the role of Sirt1 in reprogramming 
immune response through the silencing of the proinflammatory genes and the coordination of 
the metabolic response. In the experimental setting many attempts have been made to treat 
mitochondrial dysfunction by supplying substrates, cofactors, mitochondrial-targeted 
antioxidants, scavengers of mitochondrial ROS and membrane stabilizers displaying 
improvements at many levels: ATP production, reduced production of ROS in mitochondrial 
ETC, reduction of apoptosis and prevention of MPTP opening [171-174]. Apoptosis may also 
have a role in septic mitochondrial dysfunction as it has in CHF. Lancel and colleagues 
demonstrated in cardiomyocytes isolated 4 hours after endotoxin injection in rats, an increase 
in the release of caspase-3, -8, and -9-like activities, associated with destruction of the 
sarcomeric structure and cleavage of components of the cardiac myofilament [175]. 
Simvastatin, whose use has been proposed in sepsis, may protect against apoptosis induced by 
Staphylococcus aureus alpha-toxin [176]. 

NF-kB PGC-1

SIRT1

HIF-1
activation

PARP
activation

NAD+

PPAR, ERR
LXR, FXR

AMPK

Sepsis, LPS
Inflammation

Increased oxidative
and nitrosative stress

Prolonged depression of mitochondrial biogenesis and function
 

Figure 5. Mitochondrial dysfunction in sepsis. See text for explanation  
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with hypothermia of the hypoxic organ injury, even though they also have a high toxicity 
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In addition to the antagonism against COX the higher levels of NO, in presence of an 
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however cannot be explained only by this mechanism; the metabolic ebb phase, coincident 
with CARS and silencing of proinflammatory genes, is characterized by a profound state of 
mitochondrial depression, reduced oxidative metabolism and oxygen consumption leading 
to a state of metabolic hibernation responsible for the depressed cell function during MODS 
in sepsis; mitochondrial depression is however completely reversible on recovery from 
sepsis. Recently Schilling and colleagues showed that LPS administration through TLR4 
stimulation may induce a fuel switch from preferential myocardial use of lipid to glycolysis, 
similar to the one observed in the failing heart, with decreased mitochondrial oxidation, 
lipid accumulation within them and a suppression of the genes encoding PGC-1 and : the 
genetic overexpression of PGC-1 may restore mitochondrial function independently of the 
inflammatory response [162]. Smeding and colleagues [163], on the other hand, observed 
that the sirtuin activator resveratrol protect mitochondria in a mice model of CLP improving 
myocardial dysfunction, preserving energy production but without improving survival. At 
this point some question should be raised: could we think that the mitochondrial 
dysfunction is a reversible event even in the presence of a continuing sepsis? Which may be 
the correct link and the ordinated succession among all the alterations described? 

We try to reconstruct the successive steps leading to mitochondrial dysfunction and to 
metabolic hibernation in sepsis (fig. 5). The first step is the hypercatabolic phase with the 
transient activation of mitochondrial oxidative phosphorylation (OXPHOS) activated by the 
acute hormonal stress response in the very early phase, with increased oxidative and 
nitrosative stress damaging ETC and inducing a downregulation of many of its proteins. 
Immediately after, in the inflammatory setting of sepsis, occurs the shift to glycolysis and the 
activation of mito autophagy. SIRT1 is rapidly deactivated by the reduced function of AMPK, 
the decreased NAD+ levels due to the activation of PARP and by the increased expression of 
miR199a [66]. The stimulation of this enzyme in sepsis was first showed by Fink [148]; recently 
Zhang and colleagues, after LPS administration in mice, observed that the plasma levels of 
ATP, SIRT1 and AMPK decline precipitously after 10’ and remain below the detection level for 
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role of PARP has also been showed by Soriano in the setting of human septic myocardiopathy 
[166], where the degree of myocardial compromise related well with the staining for the 
product of activated PARP [poly(ADP-ribose) (PAR)], and in many experimental model of 
cardiovascular diseases[167] in which PARP inhibitors provide significant benefits. 
Interestingly the metabolic hibernation in sepsis according to our hypothesis has a different 
starting point from the true mammals hibernation in which the scarcity of nutrients leads to 
increased levels of NAD+ and AMP with AMPK and SIRT1 activation and deacetylation of 
clock protein BMAL1 and the opposite switch from glucose to lipid metabolism [168]. The 
connection between bioenergetics impairment and inflammation in sepsis has also been 
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improvements at many levels: ATP production, reduced production of ROS in mitochondrial 
ETC, reduction of apoptosis and prevention of MPTP opening [171-174]. Apoptosis may also 
have a role in septic mitochondrial dysfunction as it has in CHF. Lancel and colleagues 
demonstrated in cardiomyocytes isolated 4 hours after endotoxin injection in rats, an increase 
in the release of caspase-3, -8, and -9-like activities, associated with destruction of the 
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NF-kB PGC-1

SIRT1

HIF-1
activation

PARP
activation

NAD+

PPAR, ERR
LXR, FXR

AMPK

Sepsis, LPS
Inflammation

Increased oxidative
and nitrosative stress

Prolonged depression of mitochondrial biogenesis and function
 

Figure 5. Mitochondrial dysfunction in sepsis. See text for explanation  
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6.1. Cardiac function in sepsis  

The pathogenesis of the myocardial dysfunction in sepsis is not definitively explained and is 
probably caused by a myriad of alterations. The morphological picture recognized in sepsis 
was formerly considered unspecific but more recently many interesting alterations have 
been described even though certainly some of them are not the cause but the consequence of 
the acute cardiac damage. Beside not specific alterations such as cell edema, the already 
described mitochondrial lesions, damage of cytoplasmic membrane and myofibrils, 
inflammatory cells infiltration [139,177], more definite biochemical and microscopic changes 
have been observed with lipid infiltration [178], increased deposits of glycogen and 
increased levels of glucose uptake, GLUT1 and GLUT4 [141], increased sarcolemmal 
permeability [179], disruption of sarcolemmal dystrophin and beta-dystroglycan [180]. 

6.2. Hemodynamic pattern  

Parker and colleagues in 20 p. in septic shock [181], adequately resuscitated, with the 
combined use of radionuclide-gated cardiac cineangiography and thermodilution observed 
important differences in the hemodynamic pattern of survivors and non survivors. Both 
groups had a hyperdynamic pattern with high cardiac index (CI) and low systemic vascular 
resistance (SVR) but survivors had an important LV dilatation and a reduced left ventricle 
ejection fraction (LVEF) normalizing in 7-10 days while non survivors paradoxically showed 
higher LVEF but did not show ventricular dilatation. On the basis of these data Parker 
thought that LV dilatation were an adaptive mechanism apt to increase systolic stroke 
through a better utilization of Starling mechanism (early preload adaptation). Successive 
studies by echocardiography have not confirmed however a significant LV dilatation while 
observing an altered biventricular relaxation and a systolic dysfunction of the right ventricle 
in 41% of the p, isolated or in conjunction with a LV dysfunction [182-185].The apparently 
better cardiac function in non survivors is currently perceived as a consequence of the 
persistent septic hemodynamic pattern with decreased SVR causing higher CI and LVEF, 
both being heavily load-dependent indexes [186]. A LV depressed contractile performance is 
constant in human and experimental sepsis [187] if related to pre and after-load, it is 
explained by the global ventricular hypokinesia observed in 60% of the p. in septic shock 
[188]: the impairment of LV contractility may be unravelled also by the reduction of CI in 
response to norepinephrine infusion [181]. A feature of septic myocardiopathy is the 
absence of the increased LV filling pressure, characteristic of cardiogenic shock, due to the 
dysfunction of the right ventricle [189] and to the slightly increased LV compliance [190]  

Currently the hyperkinetic syndrome (small left ventricle, supranormal ejection fraction, 
tachycardia, high cardiac index) had a 100% mortality rate [186]. In contrast with the 
majority of other reports Jianhui and colleagues ( describe in mice infused with 
intraperitoneal LPS and studied with left ventricular (LV) pressure-volume catheters 
significant drop in LV stroke volume with a significant decrease in LVEF with no apparent 
change in LV afterload. load-dependent indexes of LV function were markedly reduced at 6 
h, including EF, stroke work, and dP/dtmax. In contrast, there was no reduction of load-
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independent indexes of LV contractility leading the authors to think that the depressed 
contractility after LPS infusion was due only to loading conditions [191]. 

6.3. Pathophysiological mechanism 

The infusion of small doses of LPS in healthy volunteers may reproduce the features of the 
septic circulatory dysfunction with low systemic resistances and a depressed myocardial 
function [187]. The mechanism of the altered myocardial function, at first attributed to a 
myocardial depressant factor (MDF) [192], began to be understood when in 1985 Parrillo 
[193] showed that the serum of septic humans during the acute phase may depress the 
contractile function of isolated myocardiocytes; this effect may be prevented, as 
subsequently demonstrated by Kumar, by immunoadsorption of IL-1 andF 194 Ils 
may cause myocardial depression both directly or through the NO produced by the 
induction of iNOS [195]. In the recent years the focus of the research has been turned on the 
upstream mediators of ILs, the TLRs, that have been shown to be main mediators of 
myocardial damage in sepsis models of both LPS infusion and CLP and in human sepsis 
[196]. Their effect as already seen is due to the release, consequent to the inflammatory 
reaction and to the tissue damage, of DAMP further increasing tissue injury. The main TLRs 
types expressed in the heart are TLR2 (recognizing lipoteichoic acid) and TLR4 (LPS 
receptor) but also TLR 3 and 9 are present [196]. Both TLR2 and TLR4 have been 
demonstrated as essential mediators of the septic myocardial damage: in mice with their 
genetic deficiency there was a better preservation of cardiac function and a decreased 
mortality[14,197,198]. Also TLR5, receptor for bacterial flagellin, TLR9 (endocellular 
recognizing bacterial DNA) and very recently TLR3, endocellular receptor recognizing viral 
double stranded RNA, have been showed to play a deleterious role in mediating cardiac 
dysfunction in sepsis [199,200]. This depression of myocardial function is linked to the 
response of myocardiocytes to the release of alarmins with increased production of pro- and 
anti-inflammatory ILs, of chemokines and cell adhesion molecules [196]. The connection 
with the reduced contractile function is represented by the increased production of the 2 
small calcium regulated molecules (S100A8 and S100A9) that have been showed with 
coimmunoprecipitation, able to suppress calcium flux interacting with the RAGE receptor 
[201]. TLRs lead to iNOS stimulation, NF-kB upregulation and to increased expression of 
TNF, IL1, IL6, IFN chemokines and cell adhesion molecules responsible for the cellular 
damage but also for the initiation of the reparative process [202]. The inflammatory reaction, 
as already seen, is modulated by the appearance of LPS tolerance and proinflammatory 
genes silencing. As already said, a long term stimulation with LPS or a TLR4 ligand (such as 
HMBG1) may induce preconditioning [9] and in decreased brain infarct size in mice that 
were subjected to focal cerebral ischaemia/reperfusion injury [10].  

In sepsis there is an increased production of NO by inflammatory cells infiltrating 
myocardium but also by endothelial and smooth muscle vascular cells due to stimulation of 
iNOS. The increased NO production causes an impressive vasodilation, a reduced 
sensitivity to the vasoconstrictors and an increase in capillary permeability. NO has also a 
depressive action upon the myocardium mediated by the production of cGMP. In fact NO 
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independent indexes of LV contractility leading the authors to think that the depressed 
contractility after LPS infusion was due only to loading conditions [191]. 

6.3. Pathophysiological mechanism 

The infusion of small doses of LPS in healthy volunteers may reproduce the features of the 
septic circulatory dysfunction with low systemic resistances and a depressed myocardial 
function [187]. The mechanism of the altered myocardial function, at first attributed to a 
myocardial depressant factor (MDF) [192], began to be understood when in 1985 Parrillo 
[193] showed that the serum of septic humans during the acute phase may depress the 
contractile function of isolated myocardiocytes; this effect may be prevented, as 
subsequently demonstrated by Kumar, by immunoadsorption of IL-1 andF 194 Ils 
may cause myocardial depression both directly or through the NO produced by the 
induction of iNOS [195]. In the recent years the focus of the research has been turned on the 
upstream mediators of ILs, the TLRs, that have been shown to be main mediators of 
myocardial damage in sepsis models of both LPS infusion and CLP and in human sepsis 
[196]. Their effect as already seen is due to the release, consequent to the inflammatory 
reaction and to the tissue damage, of DAMP further increasing tissue injury. The main TLRs 
types expressed in the heart are TLR2 (recognizing lipoteichoic acid) and TLR4 (LPS 
receptor) but also TLR 3 and 9 are present [196]. Both TLR2 and TLR4 have been 
demonstrated as essential mediators of the septic myocardial damage: in mice with their 
genetic deficiency there was a better preservation of cardiac function and a decreased 
mortality[14,197,198]. Also TLR5, receptor for bacterial flagellin, TLR9 (endocellular 
recognizing bacterial DNA) and very recently TLR3, endocellular receptor recognizing viral 
double stranded RNA, have been showed to play a deleterious role in mediating cardiac 
dysfunction in sepsis [199,200]. This depression of myocardial function is linked to the 
response of myocardiocytes to the release of alarmins with increased production of pro- and 
anti-inflammatory ILs, of chemokines and cell adhesion molecules [196]. The connection 
with the reduced contractile function is represented by the increased production of the 2 
small calcium regulated molecules (S100A8 and S100A9) that have been showed with 
coimmunoprecipitation, able to suppress calcium flux interacting with the RAGE receptor 
[201]. TLRs lead to iNOS stimulation, NF-kB upregulation and to increased expression of 
TNF, IL1, IL6, IFN chemokines and cell adhesion molecules responsible for the cellular 
damage but also for the initiation of the reparative process [202]. The inflammatory reaction, 
as already seen, is modulated by the appearance of LPS tolerance and proinflammatory 
genes silencing. As already said, a long term stimulation with LPS or a TLR4 ligand (such as 
HMBG1) may induce preconditioning [9] and in decreased brain infarct size in mice that 
were subjected to focal cerebral ischaemia/reperfusion injury [10].  

In sepsis there is an increased production of NO by inflammatory cells infiltrating 
myocardium but also by endothelial and smooth muscle vascular cells due to stimulation of 
iNOS. The increased NO production causes an impressive vasodilation, a reduced 
sensitivity to the vasoconstrictors and an increase in capillary permeability. NO has also a 
depressive action upon the myocardium mediated by the production of cGMP. In fact NO 
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behaves as a double-edged sword because if on one hand depresses myocardial contractility 
increasing cGMP production, reduces oxygen consumption by antagonizing COX and may 
induce apoptosis on the other hand it supports relaxation normalizing the stiffness of the 
septic myocardium, antagonizes the action of the increased endothelin and has a 
cardioprotective effect through the induction of preconditioning [203]: unselective 
antagonism of NOS with NNMA is harmful in sepsis because even though it raises blood 
pressure it decreases cardiac, hepatic and renal blood flow [204]. Many other alterations 
have been described in septic myocardium: an altered phosphorylation of Troponin I (TnI) 
in serin 23-24 by Protein Kinase A (PKA), activated by receptors or an upregulation of 
Protein Phosphatase 2A (PP2A). dephosphorylating TnI [205,206]. The cause of the 
increased phosphorylation of Tn seems to be the increased -adrenergic activity during the 
early phases of sepsis followed by a reduction during the late phase characterized by the 
hypodynamic cardiac pattern. A calcium leak from sarcoplasmic reticulum has been also 
described in sepsis similar to that observed in CHF and determined also by PKA activation 
and increased phosphorylation of the calstabin, a protein maintaining in its stable form the 
sarcoplasmic ATPase assigned to the re-entry of Calcium in sarcoplasmic reticulum after 
systole [207,208]. Such an alteration could justify both diastolic dysfunction due to the 
diastolic calcium leak and the systolic dysfunction showing itself in the late phase as 
expression of depletion of Calcium reserves. An altered autonomic tone with increased in 
sympathetic activity in the early phases of sepsis and decreased heart rate variability has 
been described [209]. 

Levy and colleagues [141], as already seen, showed in the septic myocardium important 
alterations (reduced cardiac performances, increased glucose uptake, increased myocardial 
glucose transmembrane transporters GLUT1 and GLUT4, increased deposits of glycogen). 
Because these modifications have been described as typical of the myocardial hibernation, 
Levy proposed that this latter may take part in the septic cardiac dysfunction. It is however 
debatable that the "true" ischemic myocardial hibernation is responsible for cardiac 
dysfunction in sepsis for several reasons: 1)myocardial hibernation is no longer considered 
as a down-regulation of the contractile and metabolic activity aiming at reducing the oxygen 
consumption and at adapting it to the reduced blood supply (smart heart hypothesis). It is 
instead attributed to repetitive episodes of myocardial stunning [210] 2) reduced myocardial 
perfusion has never been demonstrated in sepsis [211], the biochemical modifications 
showed in septic myocardium are not features of hibernating myocardium, they are instead 
present in the fetal heart and also in the stressed myocardium as expressions of the 
reactivation of the fetal gene program [47,52]. The alterations described in septic 
myocardium would therefore be unspecific and their presence could be explained in sepsis 
by the inflammatory state that characterizes it. The picture of metabolic hibernation present 
in sepsis should therefore be separated from that of the true myocardial ischemic 
hibernation whose existence, in our opinion, has not been convincingly demonstrated in 
sepsis. 

Myocardial injury in sepsis is also shown by the increase of many markers such as 
troponin (Tn) and natriuretic peptides. Whereas Tn I and TnT levels are good indicators 
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for cardiac function in sepsis relating well with left ventricular dysfunction and a poor 
prognosis, BNP is related to the outcome but only weakly with cardiac filling pressures 
[212]. A high level of BNP >144 pg/ml predicts cardiac dysfunction with high sensitivity 
(92%) and high specificity (86%)[213]. BNP upregulation takes part in the reactivation of 
the fetal gene program and its production has been shown to be increased during 
inflammatory processes related to the ability of inflammatory ILs and of p38MAPK to 
increase its secretion increasing its promoter activity [214]. Differently from the regulation 
of the similar molecule ANP, BNP secretion is regulated more by inflammation than by 
hemodynamic compromise. 

7. Metabolic dysfunction in chronic heart failure 

The chronically failing heart is certainly energy-deprived [215], as has been ascertained by 
studies with 31P magnetic resonance (MR) spectroscopy [216] showing the reduced 
phosphocreatine: ATP ratio, important index of the energetic state of the heart correlated 
with the indexes of systolic and diastolic function [217]. The cardiac contractile function is 
inextricably linked to the metabolic function so that the alterations of cardiac metabolism 
observed in chronic heart failure must affect also the contractile function. As heart failure 
progresses mithocondrial respiration is gradually compromised preventing that a normal 
level of FAO may take place. In samples taken from explanted hearts, during 
transplantation in patients with advanced heart failure, the level of the enzymes of FAO 
was low compared to the non-failing hearts [218]. The reduction of mitochondrial 
biogenesis and of FFA oxidation in the advanced phase of CHF is, as already seen, caused 
by the reactivation of the fetal gene program through the upregulation of HIF-1 and the 
downregulation of PPAR, \ERR, of SIRT1 and of the PGC-1network 
demonstrated in myocardial samples of patients with end-stage heart failure compared 
with explanted non failing hearts [219]. The expression of these transcription factors and 
coactivators is reduced in pathological hypertrophy and heart failure whereas it is 
upregulated in physiological forms of hypertrophy related to postnatal growth or exercise 
training [220] so furnishing a precise boundary between physiologic and pathologic 
cardiac growth. Interestingly also a constitutive cardiospecific overexpression of PGC-1 
in mice (MHC–PGC-1 mice) may damage the heart leading to myocardiopathy with 
uncontrolled mitochondrial proliferation but only in the neonatal period, whereas the 
overexpression in adult mice provoked only modest mitochondrial proliferation [221,222]. 
PGC-1 -\- mice show a reduced capacity both of exercising and of acclimating to cold 
temperature [223]. 

The fetal gene program is mediated by an incompletely known but modified expression 
of various microRNA [224-226]: Sucharov described that changes in the expression level 
of miR 100 and 133b contribute to the regulation of the fetal gene program [225]. The 
reduced expression of SIRT1 underlies the depressed mitochondrial biogenesis and FAO 
in the chronically failing heart. SIRT1 seems to be expressed at higher levels in the first 
phases of hypertrophy, the first physiologic response to the overload of the heart, as a 
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response to the stressing event inducing it but begins to be downregulated when PARP 
activation takes place, due to the increased oxidative stress [227], reducing NAD+ 
availability. The reduction in SIRT1, provided with an antiapoptotic function, and the 
compromised mitochondrial activity may contribute to the increased cellular death in 
chronically failing myocardium [228,229]. Overall we may conclude that some 
similarities exist between the metabolic and morphological alterations observed in sepsis 
and CHF. 

8. Cardiac lipotoxicity in chronic heart failure and sepsis 

In 1858 Virchow first reported intramyocyte lipid accumulation in patients with congestive 
heart failure, he referred to it as "lipid atrophy" of the myocardium [230]. At present the 
presence in the myocardial cell of neutral lipid droplets is ascribed to the altered glucose 
and lipid metabolism and to a mismatch between lipid delivery and oxidation. In normal 
conditions TG are stored only in adipocytes, under the control of PPAR with minimal 
presence of lipids in other tissues [231,232]; in this way adipocytes play indirectly a key role 
in the control of systemic glucose, lipid homeostasis and insulin sensitivity through the 
regulation of the serum level of FFA. In congenital lipodystrophy, a disease characterized by 
a decreased capacity of lipid storage in adipose tissue, the non-adipose organs accumulate 
TG and there is a premature cardiomyopathy [233]. When an overload of cellular FFA takes 
place caused by increased lipolysis or increased uptake (evident in clinical settings as in 
diabetes, in the experimental CD36 and LPL overexpression [234,235] or in settings of 
reduced FAO), lipid deposits in the myocardium and other organs may occur giving rise to 
the already seen phenomenon of lipotoxicity [236]. The contractile dysfunction caused by 
intramyocardial lipid accumulation is mediated at least partly by an altered expression of 
Sarco/Endoplasmic Reticulum Calcium ATPasi (SERCA2) as showed in specimen taken 
intraoperatively in patients with aortic stenosis and metabolic syndrome [237]. A diastolic 
dysfunction is also present, frequently preceding the systolic derangement and associated 
with interstitial fibrosis. Lipid accumulation is present in the heart of patients with CHF 
mainly in people with obesity, diabetes and metabolic syndrome. The relationship is 
bidirectional, insulin resistance predisposes to CHF and CHF increases insulin resistance. A 
reduced insulin sensitivity is observed in many patients with CHF, moreover its presence 
represents a risk factor for the eventual development of heart failure. Therefore the lipid 
accumulation alone without a reduced insulin sensitivity, obesity or metabolic syndrome can 
cause lipotoxicity. The importance of the cardiac isolated steatosis has been showed in the 
experimental context by demonstrating that myocardial overexpression of both PPAR and  
is associated with lipid accumulation and contractile dysfunction [238,239] probably because 
they stimulate more the uptake than the oxidation of FFA; moreover the PPAR activator 
fenofibrate can prevent the contractile dysfunction and the reduced calcium sensitivity in a rat 
model of LPS infusion further demonstrating the tight relationships between metabolic and 
contractile compromise [240]. Lipid deposits in the cardiomyocytes as TG in CHF is only a 
marker of an imbalance between the uptake and oxidation of FFA and not necessarily relates 
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to toxic lipid byproducts formation. The chronic accumulation of neutral lipids is probably not, 
per se, immediately harmful for the myocardial cell in CHF but represents a mechanism of 
defence against the excess of the FFAs, more metabolically reactive, reaching it [241]. In the 
long term however lipid store may behaves as a time bomb because when a critical point is 
reached, either by accumulation of excessive quantity of lipid or by some event triggering an 
increased FAO, the accumulation of toxic byproducts such as ceramides, diacylglycerol, fatty 
acyl-CoAs and acyl-carnitine ensues damaging the myocardial cell.  

The lipid accumulation in the heart during infections has been described since the ’90 of the 
last century [242] however the only complete study in sepsis is the article by Rossi and 
colleagues [169]. They showed in septic myocardium an increased staining by the dye oil 
red O, specific for lipid, and attributed it to an altered metabolism of the myocardium.  

These alterations are the morphological expression of the switch from lipid to glucose 
utilization in a setting in which lipolysis is increased and FAO reduced by PPAR 
downregulation and by acute mitochondrial dysfunction. 

Very little is known about the significance of lipid accumulation in the septic myocardium; 
initially interpreted as a degenerative marker in infectious diseases it could have in the 
setting of the acute septic myocardiopathy a meaning considerably different from the 
chronic lipid accumulation in CHF even though the microscopic aspect is similar. 

Certainly a lipidomic approach to the problem may be of great help. 

In conclusion notwithstanding similar morphological aspects and the involvement of many 
common biochemical pathways the cardiac dysfunction in sepsis and in CHF may have 
different meanings and consequences.  

9. Conclusions 
In the recent years the strict relationships between myocardial contractility and metabolism 
have been ascertained and a metabolic basis for cardiac contractile dysfunction verified in 
many clinical and experimental settings. Several metabolic alterations have been showed in 
CHF and septic myocardial dysfunction, their relationship with cardiac contractile 
dysfunction is not completely understood. They are probably a marker of the complex 
transcriptional and posttranscriptional alterations induced by the inflammatory, mechanical 
and metabolic stress the heart undergoes in both conditions and particularly of the 
coordinated compromise of mitochondrial function and of lipid oxidation but they represent 
also a direct inducer and amplifier of cellular damage. The significance of the morphological 
and metabolic alterations could be remarkably different in the slowly-evolving setting of 
CHF and in the acute one of the septic myocardial dysfunction, moreover the malignancy of 
the noxae underlying similar microscopic aspects may be very dissimilar. To understand in 
deep this aspect more thorough studies are needed. We currently do not know if they may 
represent a target for therapy because of the uncertain efficacy of the drugs until now used 
for this purpose but perhaps the light shed on the pathophysiological mechanism may give 
us an important help in the search for a future effective treatment.  
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response to the stressing event inducing it but begins to be downregulated when PARP 
activation takes place, due to the increased oxidative stress [227], reducing NAD+ 
availability. The reduction in SIRT1, provided with an antiapoptotic function, and the 
compromised mitochondrial activity may contribute to the increased cellular death in 
chronically failing myocardium [228,229]. Overall we may conclude that some 
similarities exist between the metabolic and morphological alterations observed in sepsis 
and CHF. 

8. Cardiac lipotoxicity in chronic heart failure and sepsis 

In 1858 Virchow first reported intramyocyte lipid accumulation in patients with congestive 
heart failure, he referred to it as "lipid atrophy" of the myocardium [230]. At present the 
presence in the myocardial cell of neutral lipid droplets is ascribed to the altered glucose 
and lipid metabolism and to a mismatch between lipid delivery and oxidation. In normal 
conditions TG are stored only in adipocytes, under the control of PPAR with minimal 
presence of lipids in other tissues [231,232]; in this way adipocytes play indirectly a key role 
in the control of systemic glucose, lipid homeostasis and insulin sensitivity through the 
regulation of the serum level of FFA. In congenital lipodystrophy, a disease characterized by 
a decreased capacity of lipid storage in adipose tissue, the non-adipose organs accumulate 
TG and there is a premature cardiomyopathy [233]. When an overload of cellular FFA takes 
place caused by increased lipolysis or increased uptake (evident in clinical settings as in 
diabetes, in the experimental CD36 and LPL overexpression [234,235] or in settings of 
reduced FAO), lipid deposits in the myocardium and other organs may occur giving rise to 
the already seen phenomenon of lipotoxicity [236]. The contractile dysfunction caused by 
intramyocardial lipid accumulation is mediated at least partly by an altered expression of 
Sarco/Endoplasmic Reticulum Calcium ATPasi (SERCA2) as showed in specimen taken 
intraoperatively in patients with aortic stenosis and metabolic syndrome [237]. A diastolic 
dysfunction is also present, frequently preceding the systolic derangement and associated 
with interstitial fibrosis. Lipid accumulation is present in the heart of patients with CHF 
mainly in people with obesity, diabetes and metabolic syndrome. The relationship is 
bidirectional, insulin resistance predisposes to CHF and CHF increases insulin resistance. A 
reduced insulin sensitivity is observed in many patients with CHF, moreover its presence 
represents a risk factor for the eventual development of heart failure. Therefore the lipid 
accumulation alone without a reduced insulin sensitivity, obesity or metabolic syndrome can 
cause lipotoxicity. The importance of the cardiac isolated steatosis has been showed in the 
experimental context by demonstrating that myocardial overexpression of both PPAR and  
is associated with lipid accumulation and contractile dysfunction [238,239] probably because 
they stimulate more the uptake than the oxidation of FFA; moreover the PPAR activator 
fenofibrate can prevent the contractile dysfunction and the reduced calcium sensitivity in a rat 
model of LPS infusion further demonstrating the tight relationships between metabolic and 
contractile compromise [240]. Lipid deposits in the cardiomyocytes as TG in CHF is only a 
marker of an imbalance between the uptake and oxidation of FFA and not necessarily relates 
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to toxic lipid byproducts formation. The chronic accumulation of neutral lipids is probably not, 
per se, immediately harmful for the myocardial cell in CHF but represents a mechanism of 
defence against the excess of the FFAs, more metabolically reactive, reaching it [241]. In the 
long term however lipid store may behaves as a time bomb because when a critical point is 
reached, either by accumulation of excessive quantity of lipid or by some event triggering an 
increased FAO, the accumulation of toxic byproducts such as ceramides, diacylglycerol, fatty 
acyl-CoAs and acyl-carnitine ensues damaging the myocardial cell.  

The lipid accumulation in the heart during infections has been described since the ’90 of the 
last century [242] however the only complete study in sepsis is the article by Rossi and 
colleagues [169]. They showed in septic myocardium an increased staining by the dye oil 
red O, specific for lipid, and attributed it to an altered metabolism of the myocardium.  

These alterations are the morphological expression of the switch from lipid to glucose 
utilization in a setting in which lipolysis is increased and FAO reduced by PPAR 
downregulation and by acute mitochondrial dysfunction. 

Very little is known about the significance of lipid accumulation in the septic myocardium; 
initially interpreted as a degenerative marker in infectious diseases it could have in the 
setting of the acute septic myocardiopathy a meaning considerably different from the 
chronic lipid accumulation in CHF even though the microscopic aspect is similar. 

Certainly a lipidomic approach to the problem may be of great help. 

In conclusion notwithstanding similar morphological aspects and the involvement of many 
common biochemical pathways the cardiac dysfunction in sepsis and in CHF may have 
different meanings and consequences.  

9. Conclusions 
In the recent years the strict relationships between myocardial contractility and metabolism 
have been ascertained and a metabolic basis for cardiac contractile dysfunction verified in 
many clinical and experimental settings. Several metabolic alterations have been showed in 
CHF and septic myocardial dysfunction, their relationship with cardiac contractile 
dysfunction is not completely understood. They are probably a marker of the complex 
transcriptional and posttranscriptional alterations induced by the inflammatory, mechanical 
and metabolic stress the heart undergoes in both conditions and particularly of the 
coordinated compromise of mitochondrial function and of lipid oxidation but they represent 
also a direct inducer and amplifier of cellular damage. The significance of the morphological 
and metabolic alterations could be remarkably different in the slowly-evolving setting of 
CHF and in the acute one of the septic myocardial dysfunction, moreover the malignancy of 
the noxae underlying similar microscopic aspects may be very dissimilar. To understand in 
deep this aspect more thorough studies are needed. We currently do not know if they may 
represent a target for therapy because of the uncertain efficacy of the drugs until now used 
for this purpose but perhaps the light shed on the pathophysiological mechanism may give 
us an important help in the search for a future effective treatment.  
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1. Introduction 

Plant disease resistance can be defined as the ability of the plant to prevent or restrict 
pathogen growth and multiplication. All plants, whether they are resistant or susceptible, 
respond to pathogen attack by the induction of a coordinated resistance strategy. 
Acceleration and/or amplification of the plant responses by the application of resistance 
inducers could provide a biologically, environmentally and commercially viable alternative 
to existing pathogen control methods [1]. 

Among pathogenic fungi, the obligate parasite Blumeria graminis f. sp. tritici (Bgt) is 
responsible for wheat (Triticum aestivum) powdery mildew, one of the most damaging foliar 
diseases of this crop, especially in Northern Europe. Worldwide yield losses due to wheat 
powdery mildew would be about 30% without chemical treatments, so that an extensive use 
of conventional fungicides is undertaken. Moreover, populations of Bgt resistant to the main 
chemical fungicides (ergosterol biosynthesis inhibitors, EBIs and 2-aminopyridines) are 
rising, and these resistant strains emerged all over most European territories [2]. New 
disease management strategies based on the use of molecules that induce plant resistance via 
the elicitation of defence responses are therefore developed in order to reduce the use of 
conventional fungicides. These strategies match the growing concern about the 
consequences of the use of fungicides on both health and environment [3,4]. 
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1. Introduction 

Plant disease resistance can be defined as the ability of the plant to prevent or restrict 
pathogen growth and multiplication. All plants, whether they are resistant or susceptible, 
respond to pathogen attack by the induction of a coordinated resistance strategy. 
Acceleration and/or amplification of the plant responses by the application of resistance 
inducers could provide a biologically, environmentally and commercially viable alternative 
to existing pathogen control methods [1]. 

Among pathogenic fungi, the obligate parasite Blumeria graminis f. sp. tritici (Bgt) is 
responsible for wheat (Triticum aestivum) powdery mildew, one of the most damaging foliar 
diseases of this crop, especially in Northern Europe. Worldwide yield losses due to wheat 
powdery mildew would be about 30% without chemical treatments, so that an extensive use 
of conventional fungicides is undertaken. Moreover, populations of Bgt resistant to the main 
chemical fungicides (ergosterol biosynthesis inhibitors, EBIs and 2-aminopyridines) are 
rising, and these resistant strains emerged all over most European territories [2]. New 
disease management strategies based on the use of molecules that induce plant resistance via 
the elicitation of defence responses are therefore developed in order to reduce the use of 
conventional fungicides. These strategies match the growing concern about the 
consequences of the use of fungicides on both health and environment [3,4]. 

Induced partial resistance against B. graminis f.sp. tritici has been obtained in wheat with 
different elicitors and resistance inducers. Infection level was reduced to 57% and 58% 
relative to controls when nonacetylated and acetylated oligogalacturonides, respectively, 
were sprayed on wheat 48h before inoculation with Bgt [5]. Trehalose, a non-reducing 
disaccharide found in a wide variety of organisms, confers a 60% protection level against 
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powdery mildew [6]. It has also been shown that a double spraying of wheat plantlets with 
salicylic acid (SA) confers a 65% protection level against powdery mildew [7]. Prophylactic 
efficacies of Iodus 40® and heptanoyl salicylic acid (HSA) against wheat powdery mildew 
have been tested [8]. Iodus 40®, a commercial product, is used to decrease wheat powdery 
mildew damage in the field. Its active ingredient is laminarin, a storage β-1,3-D-glucan 
(polysaccharide), extracted from the brown alga Laminaria digitata. It induces protection in 
grapevine against Botrytis cinerea and Plasmopara viticola [9] as well as in wheat against 
powdery mildew [8]. HSA is synthesized by esterification of 2-OH benzoic acid by 
heptanoic acid [7]. Plantlets treated twice exhibited 60% and 100% protection levels, 
respectively [8]. A long up-to-run-off spraying of wheat leaves with Milsana®, an ethanolic 
extract from leaves of the giant knotweed Reynoutria sachaliensis, 48h before inoculation led 
to a 97% protection level against powdery mildew [10]. No direct effect against the fungus 
has been noticed for any of these elicitors [8] except for Milsana® which exhibited a direct 
fungistatic effect on B. graminis conidia germination [10]. It is now necessary to understand 
the mode of action and the cascade of cellular and molecular events triggered by these 
wheat resistance inducers. 

In the last fifteen years, SA itself has been described as playing a key role in the activation of 
defence systems against pathogens in plants. Despite several reports [11-14], works focusing 
on SA as a resistance inducer are far from being as extensive as those concerning BTH, a 
functional analogue of SA, and, as far as we know, a single one involved wheat [8]. 

Plant lipids and lipid metabolic pathways have been shown to be of crucial importance during 
a plant-pathogen interaction. Many changes in membrane lipids are known to occur in plants 
at the site of infection. Moreover, lipids and lipid metabolites, released from membranes,  
function and act as signal molecules in the activation of plant defence responses [15]. 

Over the past few years, it has become increasingly clear that phosphatidic acid (PA) is 
involved in stress signaling because it is rapidly and transiently formed in response to 
various environmental stimuli [16]. PA could be generated by 2 distinct pathways as shown 
in figure 1: a first one involves phospholipase D (PLD) acting hydrolytically on membrane 
phospholipids, particularly phosphatidylcholine (PC) and phosphatidylethanolamine (PE); 
a second one involves phospholipase C (PLC) acting sequentially with diacylglycerol kinase 
(DGK) via diacylglycerol (DAG) phosphorylation [17].  

Phospholipid-signaling pathways are complex, interrelated, and involve numerous enzymes 
and substrates [18]. As an ubiquitous enzyme family, phospholipases play various roles in 
stress responses [19]. Beside PLC and PLD, a main class of phospholipases A (PLA) 
hydrolyze phospholipids (such as PC) into the corresponding free fatty acid and 
lysophospholipid (such as lysoPC). Such a fatty acid can be a precursor for oxylipin 
biosynthesis, and lysoPC may be involved in multiple cellular processes [20]. One important 
finding on functions of lysoPC is that it can activate H+-ATPase in the tonoplast and cause 
cytoplasmic acidification, which is shown to activate defense responses and phytoalexin 
production [21]. The lipid messengers derived from hydrolysis of the plasma membrane are 
illustrated in figure 2.  
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Figure 1. Formation and attenuation of phosphatidic acid (PA) [16] 

 
Figure 2. Lipid messengers derived from hydrolysis of plasma membrane [22] 
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Adaptation of higher plants to biotic and abiotic stress is often accompanied by the 
occurrence of lipid peroxidation and metabolites which derived therefrom are called 
oxylipins. Lipid peroxydation may be the result of a coordinated action of enzymes or the 
result of auto-oxidation (Figure 3). Oxylipins are potent signaling molecules in the defense 
response in plants [23]. The synthesis of oxylipins is first catalyzed by lipoxygenases (LOXs), 
which add molecular oxygen to polyunsaturated fatty acids (PUFAs) to yield the 
corresponding fatty acid hydroperoxides that are substrates for other enzymes (figure 4) 
[24]. Based on their regiospecificity, the dioxygenation occurs at C-9 or C-13 and LOXs have 
been thus classified as 9- and 13-LOX, which yield 9- or 13-hydroperoxides, respectively 
[25]. In the case of linolenic acid C18:3 and 13-LOX, the resulting product is 13-HPOT 
(hydroperoxy octadectrienoic acid) [15]. These LOX-derived hydroperoxides can be 
converted through different reactions of the LOX pathway, particularly by an allene oxide 
synthase (AOS) leading to jasmonic acid (JA). Most of the LOX-derived compounds are 
considered as acting in plant defense reactions: indeed, C6 volatiles induce defense-related 
genes expression [26], divinyl ethers are antifungal [27], and JA is an important signaling 
compound that is involved in plant response to biotic stress [28,29]. Jasmonates are 
primarily derived from the C18:3 FA, which is released from membrane lipids via the 
activity of phospholipase A1.  

 
Figure 3. Schematic illustration of biosynthetic pathway of JA and other related oxylipins [22] 

The phospholipase A (PLA) superfamily which catalyzes the hydrolysis of membrane 
phospholipids, acts up-stream the LOX to generate the corresponding PUFAs and 
lysophospholipids [30]. PLA may be involved in the release of free fatty acids for the 
biosynthesis of JA during the activation of plant defence responses. Indeed, three tobacco 
genes that encode putative members of the patatin family of PLAs, were identified [31]. 
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Their expression is induced by microbial elicitors and upon exposure to pathogen. The high 
expression level of these PLA genes precedes the accumulation of JA in pathogen-inoculated 
or elicitor-treated tissues. Activation of PLA has also been reported in response to TMV 
infection in tobacco [32] and elicitor treatment of cultured parsley cells [33]. 

 
Figure 4. Enzymatic and non-enzymatic mechanisms leading to the synthesis of oxylipins in plants [15] 

FAs not only serve as the major source of reserve energy but also consist of complex lipids, 
which are essential components of cellular membrane lipids. Increasing evidence also shows 
the involvement of FAs and their derivatives in signaling and altering normal and disease-
related physiologies in microbes, insects, animals, and plants. In plants, FAs modulate a 
variety of responses to biotic and abiotic stresses. For instance, PUFAs levels in chloroplastic 
membranes affect membrane lipid fluidity and determine the plant’s ability to acclimatize to 
temperature stress [34]. Linolenic acid (18:3) is involved in protein modifications in heat-
stressed plants [35]. FAs also regulate salt, drought, and heavy metal tolerance as well as 
wound-induced responses and defense against insect and herbivore feeding in plants [36]. 
FA metabolic pathways play significant roles in defense against pathogens. Classically, only 
passive roles were assigned to FAs in plant defense such as providing biosynthetic 
precursors for cuticular components (studies of FA metabolic mutants also reveal an active 
signaling role for the cuticle in plant defense) or JA, well known for its role in wound 
responses and plant defense against insect pathogens. However, recent works demonstrate 
more direct roles for FAs and their breakdown products in inducing various modes of plant 
defenses. Both 16- and 18-carbon FAs participate in defense to modulate basal, effector-
triggered, and systemic immunity in plants [37]. 

Furthermore, lipid transfer proteins (LTPs), located in the cell wall, participate in the in vitro 
transfer of phospholipids between membranes and can bind acyl chains. Based on these 
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properties, LTPs are thought to be involved in membrane biogenesis and regulation of 
intracellular FA pools [38]. Many roles were suggested for LTPs: involvement in cutin 
formation, embryogenesis, symbiosis and adaptation of plants to various environmental 
conditions [39]. Among them, defensive role of LTPs has been proposed. Indeed, LTPs have 
been naturally classified as members of pathogenesis-related (PR) proteins belonging to the 
group PR-14 [40]. Some members of this family have the ability to inhibit the growth of 
fungal pathogens in barley and maize [41], in sunflower against Fusarium solani [42], in 
transgenic rice against Magnaporthe grisea, Rhizoctonia solani and Xanthonomas oryzae [43]. In 
transgenic wheat expressing Ace-AMP, the corresponding encoded LTP showed enhanced 
antifungal activity against Bgt [44]. Ltp3F1, a novel gene encoding an antifungal protein 
against Alternaria sp., Curcularia lunata, Bipolaris oryzae and Sarocladium oryzae was 
characterized from wheat [45]. 

In this review, we will discuss further and extend the study conducted by Renard-Merlier et 
al. [46], where a global investigation of total FA content in relation to treatment with four 
inducers of resistance and to powdery mildew infection was undertaken. Previous studies 
established that lipid metabolism is altered by Milsana®, Iodus 40®, HSA, SA and trehalose 
[8,10]; therefore, our work aimed to characterize their impact at the total FA level. During a 
time course experiment, content (quantitative analysis) and percentage (qualitative analysis) 
of FAs were compared in treated plants and in controls, as well as in non-inoculated (ni) 
plants and Bgt-challenged plants (i). Previous results will be considered and discussed 
relatively to new findings. 

Moreover, the effect of one resistance inducer, namely SA, on lipid metabolism is evaluated 
by molecular and biochemical approaches.  

Phospholipids being the major membrane components, we investigated PC, PE, DAG and 
PA content variation in wheat leaves infiltrated with salicylic acid (SA). SA can modulate 
the content variation of these compounds, reservoirs from which biologically active lipids 
and precursors of oxidized lipids are released. 

At the transcriptional level, a PLC-encoding gene expression was investigated in an attempt 
to assign any participation of this pathway in the phospholipids equilibrium described 
above.  

We also investigated free FAs and PLFAs content variations in SA-infiltrated wheat leaves; 
this pool of lipids is quite interesting since it ensures several functions, from being an energy 
source to acting as cellular messengers; the latter being highly related to resistance induction 
in plants. The lipoxygenase response to SA-infiltration, at the molecular and enzymatic 
level, was also evaluated; this enzyme activity is important for oxylipins biosynthesis in 
plants, because of its position upstream the cascade of enzymatic lipid peroxydation. 

An LTP-encoding gene expression was also monitored, taking into account the possible 
antifungal activity of LTPs as well as their ability to bind and transport membrane lipids, 
thus participating in lipid-mediated signaling mechanisms. 
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2. Material and methods 

2.1. Treatments application 

Wheat (Triticum aestivum) cultivar Orvantis was used throughout the experiments. It was 
provided by Benoit C.C. (Orgerus, France). This cultivar is fully susceptible to the 
MPEBgt1 powdery mildew isolate. First leaf of ten-day-old wheat plantlets was infiltrated 
with salicylic acid (1g/L) solution using a hypodermic syringe without needle. Infiltrated 
area was delineated with a marker pen. Control plantlets were infiltrated with distillated 
water. 

Ten-day-old wheat seedlings were treated with solutions of Iodus 40® (1g/L), HSA (1g/L), 
Milsana® (0.3% v/v) and trehalose (15g/L) as described by Renard-Merlier et al. [46]. 
Treatments consisted in “up-to-run-off” sprayings. Two days after inducer treatments, 
seedlings to be inoculated were sprayed with conidia of Bgt suspended in Fluorinert FC43 at 
a concentration of 5.106 spores.mL-1. 

2.2. RNA extraction and quantification of gene expression by real-time PCR 

SA and water-infiltrated wheat leaves were sampled at 3, 6, 9, 12, 15, 18, 21, 24, 48, 72 and 96 
hours after infiltration (hai) and stored at -80oC until use. Total RNA was extracted from 100 
mg plant tissue using RNeasy Plant Mini Kit (Quiagen, The Netherlands) with some 
modifications of the protocol. cDNA synthesis was carried out using High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, USA) according to the manufacturer’s 
protocol. Real Time qPCR was performed using ABI Prism 7300 detection system (Applied 
Biosystems, USA). The tub and ef1α genes, encoding respectively for tubulin and elongation 
factor ef1alpha, were used as reference genes. The relative expression of the target genes 
was evaluated in SA-infiltrated wheat leaves compared with water-infiltrated leaves and 
normalized to the tub and ef1a expression level. The analyses were performed using the 
relative expression software tool REST® as described in [47]. The experiments were 
repeated twice with similar results and representative results are presented. 

2.3. LOX assay 

LOX was assayed as described in [10] according to [48] and [49] with slight modifications. 
The results are the mean of three biological repetitions. 

2.4. Fatty acid extraction and analysis 

Total cellular FAs extraction and purification were performed by the authors in [46] using 
adapted protocols from [50]. The results are means of three independent repetitions. 

Free FAs, PLFA and PL extraction was carried out according to the method described in 
[51]. Data shown are the results of the first experiment, which need to be confirmed by a 
biological repetition.  
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in plants. The lipoxygenase response to SA-infiltration, at the molecular and enzymatic 
level, was also evaluated; this enzyme activity is important for oxylipins biosynthesis in 
plants, because of its position upstream the cascade of enzymatic lipid peroxydation. 

An LTP-encoding gene expression was also monitored, taking into account the possible 
antifungal activity of LTPs as well as their ability to bind and transport membrane lipids, 
thus participating in lipid-mediated signaling mechanisms. 
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2. Material and methods 

2.1. Treatments application 

Wheat (Triticum aestivum) cultivar Orvantis was used throughout the experiments. It was 
provided by Benoit C.C. (Orgerus, France). This cultivar is fully susceptible to the 
MPEBgt1 powdery mildew isolate. First leaf of ten-day-old wheat plantlets was infiltrated 
with salicylic acid (1g/L) solution using a hypodermic syringe without needle. Infiltrated 
area was delineated with a marker pen. Control plantlets were infiltrated with distillated 
water. 

Ten-day-old wheat seedlings were treated with solutions of Iodus 40® (1g/L), HSA (1g/L), 
Milsana® (0.3% v/v) and trehalose (15g/L) as described by Renard-Merlier et al. [46]. 
Treatments consisted in “up-to-run-off” sprayings. Two days after inducer treatments, 
seedlings to be inoculated were sprayed with conidia of Bgt suspended in Fluorinert FC43 at 
a concentration of 5.106 spores.mL-1. 

2.2. RNA extraction and quantification of gene expression by real-time PCR 

SA and water-infiltrated wheat leaves were sampled at 3, 6, 9, 12, 15, 18, 21, 24, 48, 72 and 96 
hours after infiltration (hai) and stored at -80oC until use. Total RNA was extracted from 100 
mg plant tissue using RNeasy Plant Mini Kit (Quiagen, The Netherlands) with some 
modifications of the protocol. cDNA synthesis was carried out using High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, USA) according to the manufacturer’s 
protocol. Real Time qPCR was performed using ABI Prism 7300 detection system (Applied 
Biosystems, USA). The tub and ef1α genes, encoding respectively for tubulin and elongation 
factor ef1alpha, were used as reference genes. The relative expression of the target genes 
was evaluated in SA-infiltrated wheat leaves compared with water-infiltrated leaves and 
normalized to the tub and ef1a expression level. The analyses were performed using the 
relative expression software tool REST® as described in [47]. The experiments were 
repeated twice with similar results and representative results are presented. 

2.3. LOX assay 

LOX was assayed as described in [10] according to [48] and [49] with slight modifications. 
The results are the mean of three biological repetitions. 

2.4. Fatty acid extraction and analysis 

Total cellular FAs extraction and purification were performed by the authors in [46] using 
adapted protocols from [50]. The results are means of three independent repetitions. 

Free FAs, PLFA and PL extraction was carried out according to the method described in 
[51]. Data shown are the results of the first experiment, which need to be confirmed by a 
biological repetition.  
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3. Results and discussion 

3.1. PA content increases after SA infiltration 

Because of its central position in the pathways mentioned above, the first results presented 
here have been obtained for PA. Table 1 shows the variations in PA levels in SA-infiltrated 
leaves, compared to the control. No change in PA content was observed during the first 24 
hours after infiltration (hai) of SA, compared to the water-infiltrated wheat leaves; even 
though a slight accumulation of PA was observed in water-infiltrated leaves in comparison 
to the untreated plants, probably due to the stress generated by the infiltration. However, 
SA induced increases in PA content from 24 h till 96 hai, with a maximum of 6.2-fold 
increase at 72 hai. 
 

 Time after SA infiltration 

 24h 48h 72h 96h 

PA content 
2.2-fold 
increase 

2.7-fold increase 6.2-fold increase 1.19-fold increase 

Table 1. Variations in PA levels in SA-infiltrated wheat leaves compared to the water-infiltrated control 

These results confirm some variations in PA content reported by several authors. 
Treatment of A. thaliana protoplasts with H2O2 increases PA content by 30% [52]. 
Furthermore, elicitors from plant pathogens activate the PLC-DGK pathway, which 
consisted of a rapid accumulation of PA within 2 minutes in transgenic tobacco cells 
treated with the race-specific elicitor Avr4 [53]. A transient accumulation of PA was also 
recorded in suspension-cultured tomato cells treated with the general elicitors 
N,N',N'',N'''-tetraacetyl-chitotetraose, xylanase, and the flagellin-derived peptide flg22 
[54]. In rice cells, the PA amount increased rapidly after treatment with N-
acetylchitooligosaccharide elicitor [55]. Moreover, the PA increase is likely to occur 
upstream of the oxidative burst [53,55]. Furthermore, method of PA assessment. 
Furthermore, all these studies point out the rapid accumulation of PA upon treatments, 
generally within minutes. According to [16], signaling lipids, unlike structural lipids, are 
present only in minute amounts, yet their levels increase rapidly in response to certain 
stimuli. Such an accumulation is transient because the signal is rapidly down regulated. 
However, none of these characteristics, namely the rapid and transient accumulation 
upon treatment, met our results. SA induces a PA accumulation that occurred not earlier 
than 24 h after SA infiltration and seemed to last for at least 4 days. This result, that does 
not match the general trend, may be explained by a late induction of one or both of the 
phospholipases pathways leading to PA formation. Since the magnitude of PA change 
varies upon the treatment, tissue and method of PA assessment [17], our findings could be 
attributed to the treatment and/or to the tissue nature - infiltration of SA and PA 
assessment in planta - whereas most of the studies are conducted on cellular cultures. 
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3.2. PLC gene expression is up-regulated and DAG content increases in SA-
infiltrated leaves 

In order to corroborate the PA formation with the PLC-DGK pathway activation, the 
expression of the PLC gene, encoding a phospholipase C, was measured over the time-
course experiment, compared to the water-infiltrated wheat leaves, and normalized to two 
reference genes, tub and ef1α, encoding tubulin and elongation factor, respectively (Figure 
5). The expression pattern of the PLC gene consisted of three up-regulations: 3.5 and 4.8-fold 
increases were induced at 9 and 21 hai, respectively. Furthermore, this gene expression was 
strongly increased from 48 till 96 hai, with an average of 9-fold increase over this period. 
This late high up-regulation of PLC gene correlates with the late PA detection in wheat 
leaves between 48 and 96 h after SA infiltration. The accumulation of PA is probably due to 
this pathway’s stimulation after PLC gene’s expression and synthesis of the corresponding 
enzyme.  

 
Figure 5. PLC gene expression in wheat leaves infiltrated with SA 

PA formation through the phospholipase C pathway results from two enzymes acting 
sequentially: PLC hydrolyses phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2, also 
abbreviated as PIP2] into inositol-1,4,5-trisphosphate [Ins(1,4,5)P3] and DAG. DAG remains 
in the membrane and is rapidly phosphorylated to PA by DGK (Figure 1). The variation in 
DAG levels in SA-infiltrated wheat leaves is presented in table 2. During the first 24 h after 
SA infiltration, no clear variation pattern in DAG content was observed. However, SA 
induced the accumulation of DAG from 24 till 96 hai, with a maximum of 2.18-fold increase 
at 72hai. Interestingly, DAG accumulation, as well as PLC gene expression, was recorded in 
the same period of the time-course experiment, 24 till 96 h after SA infiltration. The DAG 
accumulation seems to be the consequence of the induction of PLC gene expression.  

Twenty four hours after infiltration, SA induces the expression of PLC-encoding gene, 
simultaneously with an accumulation of DAG and PA. One could think that DAG content 
must decrease in order to fulfill PA formation; indeed, the contribution of DAG could only 
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3.2. PLC gene expression is up-regulated and DAG content increases in SA-
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In order to corroborate the PA formation with the PLC-DGK pathway activation, the 
expression of the PLC gene, encoding a phospholipase C, was measured over the time-
course experiment, compared to the water-infiltrated wheat leaves, and normalized to two 
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PA formation through the phospholipase C pathway results from two enzymes acting 
sequentially: PLC hydrolyses phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2, also 
abbreviated as PIP2] into inositol-1,4,5-trisphosphate [Ins(1,4,5)P3] and DAG. DAG remains 
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induced the accumulation of DAG from 24 till 96 hai, with a maximum of 2.18-fold increase 
at 72hai. Interestingly, DAG accumulation, as well as PLC gene expression, was recorded in 
the same period of the time-course experiment, 24 till 96 h after SA infiltration. The DAG 
accumulation seems to be the consequence of the induction of PLC gene expression.  

Twenty four hours after infiltration, SA induces the expression of PLC-encoding gene, 
simultaneously with an accumulation of DAG and PA. One could think that DAG content 
must decrease in order to fulfill PA formation; indeed, the contribution of DAG could only 
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be confirmed by the investigation of DGK activity. Even if the subsequent enzymatic 
conversion of DAG doesn’t lead to PA formation, one must keep in mind that the hydrolysis 
of PtdIns(4,5)P2 into Ins(1,4,5)P3 is of a great interest since the latter diffuses into the cytosol 
where it possibly triggers calcium flux/release from intracellular stores [20].   

In addition, the simultaneous increase of these compounds could be due to the durable PLC 
gene expression, ensuring a continuous supply of DAG to be phosphorylated to PA. 
 

 Time after SA infiltration 
 6h 12h 18h 24h 48h 72h 96h 

DAG content 
1.1-fold 
increase 

1.1-fold 
decrease 

Ø 
1.26-fold 
increase 

1.62-fold 
increase 

2.18-fold 
increase 

1.56-fold 
increase 

Table 2. Variation in DAG level in SA-infiltrated wheat leaves compared to the control 

3.3. PE and PC contents vary in SA-infiltrated leaves 

PA could also be generated by the phospholipase D pathway which hydrolyzes structural 
membrane phospholipids such as PE and PC (Figure 1). The variations of PE and PC levels in 
SA-infiltrated leaves compared to the control are presented in table 3. While accumulation of PC 
was observed during the whole time-course experiment (except for 24 and 96 hai), PE 
accumulated the first 18h after treatment. Afterward, SA induced a decrease in the PE content 
between 24 and 96 hai, with a maximum decrease at 48 and 72 hai. These results match the 
increased PA level in SA-infiltrated wheat leaves in the same period, suggesting that this 
pathway is involved in PA formation.  Since PC level was maintained and even increased, this 
phospholipid doesn’t seem to be involved in PA production, under SA treatment. The PE/PC 
ratio is also reduced from 48 till 96 hai. Substantial alterations in the lipid composition of plasma 
membrane are a widely known process to stress adaptation, such as water deficit: the PC/PE 
ratio changed from 1.1 in plants non-acclimated to water stress to 0.69 in acclimated ones [56]. 
 

Time after SA infiltration 

 6h 12h 18h 24h 48h 72h 96h 

PE 
content 

1.4-fold 
increase 

1.3-fold 
increase 

Ø 
1.3-fold 
decrease 

6.6-fold 
decrease 

6.2-fold 
decrease 

2.3-fold 
decrease 

PC 
content 

1.4-fold 
increase 

2.9-fold 
increase 

3.8-fold 
increase 

Ø 
1.8-fold 
increase 

1.4-fold 
increase 

Ø 

PE/PC 2 1.2 1.2 2.2 0.2 0.5 0.6 

Table 3. Variations in PE and PC levels (compared to the control) and PE/PC ratio induced in SA-
infiltrated wheat leaves 

In conclusion, SA seems to induce the formation of PA through the activation of 
phospholipases C and/or D pathways. In Arabidopsis, PLC signaling is involved in some 
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responses mediated by ABA without any contribution of DGK activity or PA [57]. This 
signaling, via Ins(1,4,5)P3, is also reported as an early response to salinity and hyperosmotic 
stress [58,59]. The PLC-DGK pathway was sought in Arabidopsis after cold exposure [60], in 
transgenic tobacco cells upstream the oxidative burst as in [53] and after contact with 
pathogens. In suspension-cultured alfalfa cells, the nod factor activates this pathway [61].  

Treatment of tomato cell cultures with the fungal elicitor xylanase resulted in a rapid and 
dose-dependent nitric oxide (NO) accumulation, required for PA production via the 
activation of PLC-DGK pathway. PA and, correspondingly, xylanase were shown to induce 
ROS production [62]. 

The PLD pathway is involved in every mentioned stress signaling, except cold-induced 
stress. Several Arabidopsis PLDs were found to be induced in response to Pseudomonas 
infection [63]. The PLD pathway contribution was also found in Arabidopsis upon drought 
[64], ethylene treatment [65], freezing [66] and wounding [67,68].  

Moreover, signaling lipids can affect the activity of target enzymes. In [69], the authors 
showed an activation of a calcium-dependent protein kinase DcCPK1 by PA in Daucus 
carota. In Arabidopsis, the activation of AtPDK1, a protein kinase, target of PLD-generated 
PA, is involved in root hair growth [70]; the PLD-derived PA also interacts with ABI1 
phosphatase and regulates ABA signaling [71].   

All together, these results are the first evidence for SA as an inducer of PA formation in 
wheat leaves. Increases in PA levels in SA-treated wheat leaves seem to be highly related to 
the induction of plant genes encoding phospholipases that are involved in the synthesis or 
release of PA. 

3.4. LOX gene expression and LOX activity are enhanced upon SA-infiltration 

In the present experiments, the lox gene expression showed a 12 and 14-fold increase at 9 
and 21 hai respectively, in SA-infiltrated leaves. This gene expression was also strongly 
induced later, with a 166 and 156-fold increase at 48 and 96 hai respectively (Figure 6).  

In grapevine plantlets, rhamnolipids induced for lox gene expression a 7-fold increase 24 h 
after immersion in the rhamnolipids solution [72]. In wheat, transcripts of WCI-2 (Wheat 
Chemically Induced gene) gene, which encodes a lipoxygenase, accumulated quickly in 
response to MeJA, SA and BTH treatments (from 2 h to 24h for MeJA, and from 4h and to 20 
h for the other elicitors); however, SA induced this gene’s expression to a lesser extent than 
the other two compounds [73]. The contribution of SA to early signaling events by the 
stimulation of lipoxygenase-encoding genes is therefore established. Nevertheless, the 
authors didn’t record any accumulation of the transcripts of WCI-2 gene the first 24 h after 
wheat seedlings inoculation with Bgt nor Bgh (incompatible interaction). However, 
accumulation of these transcripts was found in latter stages of wheat infection with 
powdery mildew. In infectious conditions, the lox gene seemed to be expressed quite late 
[74]. Infiltration with SA reproduced a similar lox-encoding transcripts profile with a late 
up-regulation of the lox gene to a 166 and 156-fold increase at 48 and 96 hai, respectively. 
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be confirmed by the investigation of DGK activity. Even if the subsequent enzymatic 
conversion of DAG doesn’t lead to PA formation, one must keep in mind that the hydrolysis 
of PtdIns(4,5)P2 into Ins(1,4,5)P3 is of a great interest since the latter diffuses into the cytosol 
where it possibly triggers calcium flux/release from intracellular stores [20].   
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DAG content 
1.1-fold 
increase 

1.1-fold 
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1.26-fold 
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1.56-fold 
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Table 2. Variation in DAG level in SA-infiltrated wheat leaves compared to the control 

3.3. PE and PC contents vary in SA-infiltrated leaves 

PA could also be generated by the phospholipase D pathway which hydrolyzes structural 
membrane phospholipids such as PE and PC (Figure 1). The variations of PE and PC levels in 
SA-infiltrated leaves compared to the control are presented in table 3. While accumulation of PC 
was observed during the whole time-course experiment (except for 24 and 96 hai), PE 
accumulated the first 18h after treatment. Afterward, SA induced a decrease in the PE content 
between 24 and 96 hai, with a maximum decrease at 48 and 72 hai. These results match the 
increased PA level in SA-infiltrated wheat leaves in the same period, suggesting that this 
pathway is involved in PA formation.  Since PC level was maintained and even increased, this 
phospholipid doesn’t seem to be involved in PA production, under SA treatment. The PE/PC 
ratio is also reduced from 48 till 96 hai. Substantial alterations in the lipid composition of plasma 
membrane are a widely known process to stress adaptation, such as water deficit: the PC/PE 
ratio changed from 1.1 in plants non-acclimated to water stress to 0.69 in acclimated ones [56]. 
 

Time after SA infiltration 
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PE 
content 

1.4-fold 
increase 

1.3-fold 
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Ø 
1.3-fold 
decrease 

6.6-fold 
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6.2-fold 
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PC 
content 

1.4-fold 
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2.9-fold 
increase 

3.8-fold 
increase 
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1.8-fold 
increase 

1.4-fold 
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Table 3. Variations in PE and PC levels (compared to the control) and PE/PC ratio induced in SA-
infiltrated wheat leaves 
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phospholipases C and/or D pathways. In Arabidopsis, PLC signaling is involved in some 
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responses mediated by ABA without any contribution of DGK activity or PA [57]. This 
signaling, via Ins(1,4,5)P3, is also reported as an early response to salinity and hyperosmotic 
stress [58,59]. The PLC-DGK pathway was sought in Arabidopsis after cold exposure [60], in 
transgenic tobacco cells upstream the oxidative burst as in [53] and after contact with 
pathogens. In suspension-cultured alfalfa cells, the nod factor activates this pathway [61].  

Treatment of tomato cell cultures with the fungal elicitor xylanase resulted in a rapid and 
dose-dependent nitric oxide (NO) accumulation, required for PA production via the 
activation of PLC-DGK pathway. PA and, correspondingly, xylanase were shown to induce 
ROS production [62]. 

The PLD pathway is involved in every mentioned stress signaling, except cold-induced 
stress. Several Arabidopsis PLDs were found to be induced in response to Pseudomonas 
infection [63]. The PLD pathway contribution was also found in Arabidopsis upon drought 
[64], ethylene treatment [65], freezing [66] and wounding [67,68].  

Moreover, signaling lipids can affect the activity of target enzymes. In [69], the authors 
showed an activation of a calcium-dependent protein kinase DcCPK1 by PA in Daucus 
carota. In Arabidopsis, the activation of AtPDK1, a protein kinase, target of PLD-generated 
PA, is involved in root hair growth [70]; the PLD-derived PA also interacts with ABI1 
phosphatase and regulates ABA signaling [71].   

All together, these results are the first evidence for SA as an inducer of PA formation in 
wheat leaves. Increases in PA levels in SA-treated wheat leaves seem to be highly related to 
the induction of plant genes encoding phospholipases that are involved in the synthesis or 
release of PA. 

3.4. LOX gene expression and LOX activity are enhanced upon SA-infiltration 

In the present experiments, the lox gene expression showed a 12 and 14-fold increase at 9 
and 21 hai respectively, in SA-infiltrated leaves. This gene expression was also strongly 
induced later, with a 166 and 156-fold increase at 48 and 96 hai respectively (Figure 6).  

In grapevine plantlets, rhamnolipids induced for lox gene expression a 7-fold increase 24 h 
after immersion in the rhamnolipids solution [72]. In wheat, transcripts of WCI-2 (Wheat 
Chemically Induced gene) gene, which encodes a lipoxygenase, accumulated quickly in 
response to MeJA, SA and BTH treatments (from 2 h to 24h for MeJA, and from 4h and to 20 
h for the other elicitors); however, SA induced this gene’s expression to a lesser extent than 
the other two compounds [73]. The contribution of SA to early signaling events by the 
stimulation of lipoxygenase-encoding genes is therefore established. Nevertheless, the 
authors didn’t record any accumulation of the transcripts of WCI-2 gene the first 24 h after 
wheat seedlings inoculation with Bgt nor Bgh (incompatible interaction). However, 
accumulation of these transcripts was found in latter stages of wheat infection with 
powdery mildew. In infectious conditions, the lox gene seemed to be expressed quite late 
[74]. Infiltration with SA reproduced a similar lox-encoding transcripts profile with a late 
up-regulation of the lox gene to a 166 and 156-fold increase at 48 and 96 hai, respectively. 
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Figure 6. lox gene expression in wheat leaves treated with SA 

Figure 7 shows the LOX activity in leaf extracts at 6, 12, 18, 24, 48, 72 and 96 h after SA 
infiltration in comparison to water-infiltrated leaves. During the first 48h, the LOX activity 
was decreased in SA-infiltrated leaves. However, SA induced significant 1.7 and 3.8-fold 
increases in LOX activity at 72h and 96hai, compared to the control. 

 
Figure 7. Time-course activity of LOX in water and SA-infiltrated wheat leaves. Data represent means 
of 3 independent experiments. Bars with an asterix are different from water control plantlets as 
determined by ANOVA followed by a multiple range test (LSD) (P<0.05). 

When compared together, profiles of lox gene expression and LOX activity in SA-infiltrated 
leaves show interestingly that the first lox up-regulations, 24 h after SA infiltration, are not 
followed by the corresponding enzymatic activity. Induction of LOX activity by SA was only 
detectable after lox transcripts accumulation was the most important, between 48 and 96hai.  
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In non-infectious context, the induction of a LOX activity was also assessed in wheat by 
Renard-Merlier et al. [8]. Wheat sprayings with HSA enhanced a 1.5-fold increase in LOX 
activity, compared to corresponding ethanol control, only 96 h after treatment. Thus, 
infiltration of SA as well as HSA sprayings induced similar LOX enzymatic activity profile. 
However, these authors didn’t report any significant difference in LOX activity between 
control and SA-sprayed leaves over the 4 days after treatment. This finding highlights the 
effect of SA functionalization, probably improving the penetration of HSA through the 
hydrophobic plant cuticle. Moreover, HSA, which increased the protection level against Bgt 
from 50% in SA-treated wheat leaves to 95%, induced an 8-fold increase of the LOX activity 
in inoculated conditions.  

LOX-derived products such as hydroperoxy, hydroxyl and keto fatty acids accumulate in 
plants in response to attack by pathogens and treatment with inducers of plant defence 
responses [75]. For example, in A. thaliana, infection by P. syringae causes accumulation of 
ketodienoic fatty acids in A. leaves as well as the cell death and induces expression of the 
GST1 gene, which encodes a glutathione-S-transferase [76]. In another study, SA treatment 
was shown to cause the accumulation of 13 (S)-hydroxyoctadecatrienoic acid (13-HOTrE) in 
barley leaves, and application of 13-HOTrE induces the expression of the PR1B gene, 
suggesting the involvement of 13-HOTrE in SA signaling in barley [77]. One must keep in 
mind that the primary products of PUFAs enzymatic oxidation are often converted to 
oxylipins such as JA. In barley leaves, 13-HOD and 13-HOT (hydroxyl PUFAs after 
reductase on HPOD and HPOT respectively) accumulated suggesting that the reductase 
branch of the LOX pathway is the object of preferential induction upon SA treatment, 
among the various metabolic transformations of the LOX-derived 13-HPOT or 13-HPOD. 
No accumulation of other LOX pathway-products was observed. SA as well as 13-HOT 
induced PR1 gene expression, 48h after treatment. In barley leaves, at least one specific LOX 
is transcriptionnaly activated by SA and JA. This LOX-100 is a 13-LOX located in the 
chloroplast. However, this LOX-100 gene was not expressed upon infection with powdery 
mildew in susceptible and non-susceptible barley lines [78]. The co-induction of LOX and 
PR1 by SA suggests a role in plant defense reaction. 

3.5. FAs content varies in resistance inducers-treated wheat plants 

3.5.1. Total FAs content vary in trehalose, Iodus40, Milsana and HSA-treated wheat leaves 

In wheat, Renard-Merlier et al. [46] conducted a global investigation of total FA content 
in relation to treatment with four inducers of resistance and to powdery mildew 
infection.  

Table 4 presents a summary of the observed variations of several FAs content at the 
quantitative and qualitative levels induced by the four tested resistance inducers and these 
results are now discussed on the basis of the most recent literature as well as our results 
presented above. 
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of 3 independent experiments. Bars with an asterix are different from water control plantlets as 
determined by ANOVA followed by a multiple range test (LSD) (P<0.05). 

When compared together, profiles of lox gene expression and LOX activity in SA-infiltrated 
leaves show interestingly that the first lox up-regulations, 24 h after SA infiltration, are not 
followed by the corresponding enzymatic activity. Induction of LOX activity by SA was only 
detectable after lox transcripts accumulation was the most important, between 48 and 96hai.  
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In non-infectious context, the induction of a LOX activity was also assessed in wheat by 
Renard-Merlier et al. [8]. Wheat sprayings with HSA enhanced a 1.5-fold increase in LOX 
activity, compared to corresponding ethanol control, only 96 h after treatment. Thus, 
infiltration of SA as well as HSA sprayings induced similar LOX enzymatic activity profile. 
However, these authors didn’t report any significant difference in LOX activity between 
control and SA-sprayed leaves over the 4 days after treatment. This finding highlights the 
effect of SA functionalization, probably improving the penetration of HSA through the 
hydrophobic plant cuticle. Moreover, HSA, which increased the protection level against Bgt 
from 50% in SA-treated wheat leaves to 95%, induced an 8-fold increase of the LOX activity 
in inoculated conditions.  

LOX-derived products such as hydroperoxy, hydroxyl and keto fatty acids accumulate in 
plants in response to attack by pathogens and treatment with inducers of plant defence 
responses [75]. For example, in A. thaliana, infection by P. syringae causes accumulation of 
ketodienoic fatty acids in A. leaves as well as the cell death and induces expression of the 
GST1 gene, which encodes a glutathione-S-transferase [76]. In another study, SA treatment 
was shown to cause the accumulation of 13 (S)-hydroxyoctadecatrienoic acid (13-HOTrE) in 
barley leaves, and application of 13-HOTrE induces the expression of the PR1B gene, 
suggesting the involvement of 13-HOTrE in SA signaling in barley [77]. One must keep in 
mind that the primary products of PUFAs enzymatic oxidation are often converted to 
oxylipins such as JA. In barley leaves, 13-HOD and 13-HOT (hydroxyl PUFAs after 
reductase on HPOD and HPOT respectively) accumulated suggesting that the reductase 
branch of the LOX pathway is the object of preferential induction upon SA treatment, 
among the various metabolic transformations of the LOX-derived 13-HPOT or 13-HPOD. 
No accumulation of other LOX pathway-products was observed. SA as well as 13-HOT 
induced PR1 gene expression, 48h after treatment. In barley leaves, at least one specific LOX 
is transcriptionnaly activated by SA and JA. This LOX-100 is a 13-LOX located in the 
chloroplast. However, this LOX-100 gene was not expressed upon infection with powdery 
mildew in susceptible and non-susceptible barley lines [78]. The co-induction of LOX and 
PR1 by SA suggests a role in plant defense reaction. 

3.5. FAs content varies in resistance inducers-treated wheat plants 

3.5.1. Total FAs content vary in trehalose, Iodus40, Milsana and HSA-treated wheat leaves 

In wheat, Renard-Merlier et al. [46] conducted a global investigation of total FA content 
in relation to treatment with four inducers of resistance and to powdery mildew 
infection.  

Table 4 presents a summary of the observed variations of several FAs content at the 
quantitative and qualitative levels induced by the four tested resistance inducers and these 
results are now discussed on the basis of the most recent literature as well as our results 
presented above. 
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 C12:0 C18:1 18:2 C20:2 

 quantitative qualitative quantitative qualitative quantitative qualitative quantitative qualitative 

Trehalose         
ni Ø Ø Ø Ø Ø Ø Ø Ø 

i 
4.0-fold 
increase 

2.4-fold 
increase 

Ø Ø Ø Ø Ø 
1.3-fold 
decrease 

Iodus 40         

ni Ø Ø 
1.2-fold 
increase 

2.2-fold 
increase Ø Ø 

1.5-fold 
decrease 

1.33-fold 
decrease 

i 2.8-fold 
increase 

1.5-fold 
increase 

Ø Ø Ø Ø Ø Ø 

Milsana         

ni Ø Ø Ø Ø Ø Ø 2.3-fold 
decrease 

Ø 

i 
4.8-fold 
increase 

1.5-fold 
increase 

Ø Ø Ø Ø 
1.8-fold 
decrease 

2.0-fold 
decrease 

HSA         

ni Ø Ø Ø Ø Ø 
1.15-fold 
increase 

Ø Ø 

i Ø Ø Ø Ø 
1.6-fold 
increase 

1.15-fold 
increase 

Ø Ø 

Table 4. Summary of variations observed in C12:0, C18:1, C18:2 and C20:2 content at the quantitative 
(μg.mg -1 dry weight) and qualitative (percentage of total FAs) levels induced by inoculation, trehalose, 
Iodus 40®, Milsana® or HSA sprayings. These variations are observed 4 days after sprayings in non 
inoculated (ni) plants and 2 days post inoculation in inoculated (i) conditions 

Lauric acid (C12:0) content quantitatively increased after Iodus 40® (2.8-fold), Milsana® 
(4.8-fold) and trehalose (4-fold) treatment in (i) plants (2 days after inoculation). In [79], the 
authors showed that Vicia sativa seedlings treated with MeJA exhibit an increase in lauric 
acid ω-hydroxylase activity, an enzyme that converts C12:0 into hydroxylated forms 
potentially involved in cutin monomer synthesis. Moreover, C12:0 itself has several relevant 
biological properties such as antifungal, antiviral, antiparasite and antibacterial activities 
[80,81]. However, none of the four compounds induced any variation in C12:0 level in non-
infectious conditions. Since no elicitation was observed in this context, priming effect on 
C12:0 accumulations could be proposed for these resistance inducers in wheat against Bgt. 

Contents of C20:2 (eicosadienoic acid) decreased in Iodus 40®- and Milsana®-treated (ni) 
plants compared to the corresponding controls (4 days after treatment). The decrease was 
confirmed at the qualitative level only for Iodus 40®. In (i) conditions, only Milsana® 
induced a significant decrease in C20:2 content at both levels whereas TR induced a decrease 
perceptible at the qualitative level only. In (i) plants, C20:2 increased (data not shown). 
C20:2 content seemed to be affected by fungal infection of the plant to a greater extent than 
by any of the resistance inducing treatments, since similar quantities were found in water-
control (i) plants as well as in resistance inducers-treated plants. The link between C20:2 and 
infection was also reported in [82].Transgenic A. thaliana plants producing C20:2 exhibited 
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enhanced resistance to the aphid Myzus persicae, the fungal pathogen Botrytis cinerea and to 
the oomycete pathogen Phytophtora capsici. 

C18:1 (oleic acid) in Iodus 40®-treated (ni) plants showed a quantitative 1.2 fold-increase. 
C18:1, as well as other C18 and C16 FAs, are well known substrates for cutin monomer 
synthesis [83]. One could suggest that Iodus 40®, by stimulating the accumulation of this 
FA, contributes to the reinforcement of the plant cuticule prior to fungal contamination. In 
cultured parsley cells, a biphasic time-course for C18:1 increase was obtained upon 
treatment with peptidic or fungal elicitors [84]. In [85], the authors suggested that 
chloroplastic C18:1 level is critical for normal pathogen defense responses in Arabidopsis, 
including programmed cell death and systemic acquired resistance (SAR). In [86], it was 
shown that the oleic acid-mediated pathway induces constitutive defense signaling and 
enhances resistance to multiple pathogens in soybean. C18:1 and linoleic (18:2) acid levels, in 
part, regulate fungal development, seed colonization, and mycotoxin production by 
Aspergillus spp. [87]. Direct antifungal activity has also been reported for C18:1, since it 
inhibits, in a dose-dependent manner, the germination of Erysiphe polygoni spores [88]. 

The amount of C18:2 increased (1.6-fold) 4 days after HSA treatment in (i) plants. For C18:2, 
the accumulation in sorbitol-treated barley leaves was reported from 12 h till 72h after 
treatment [89]. Cold acclimating potato was found to accumulate linoleic acid (18:2) in the 
membrane glycerolipids of the leaves [90]. C18:2 is also a substrate for cutin monomer 
synthesis and can therefore contribute to cuticle reinforcement.  

Among the four inducers tested, Iodus40® had the largest effects on FA levels, since it 
increased C12:0 and C18:1 and decreased C20:2. This product, which active ingredient is 
laminarin (polysaccharide), induced decreases in lipid peroxydation level all over the time-
course experiment [8]. 

Trehalose and Milsana® had similar effects on FAs profile with induced increases in C12:0 
and decreases in C20:2 contents. However, TR and Milsana® modes of action are quite 
different in the wheat-powdery mildew interaction. TR activates phenylalanine ammonia-
lyase (PAL) and peroxydase activity and enhances papilla autofluorescence and H2O2 
accumulation. However, it does not affect catalase (CAT), cinnamyl alcohol dehydrogenase 
(CAD), LOX or oxalate oxidase (OXO) activities, and does not alter lipid peroxide levels [8]. 
According to the authors in [10], treatments of wheat with Milsana® enhance H2O2 

accumulation at the fungal penetration site without any possible correlation with the 
activation of enzymes involved in ROS metabolism. Only LOX, involved in both ROS 
regulation and lipid peroxidation, showed a 26 to 32% increase 48h postreatment in 
Milsana-infiltrated leaves. This weak effect of Milsana® on wheat lipid metabolism was 
confirmed at the lipid peroxydation level, which was shown to decrease in treated plants.  

While HSA sprayings enhanced an increase in C18:2 levels only, HSA exhibited the most 
numerous and the highest effects in the wheat-powdery mildew interaction. HSA induced 
H2O2 accumulation, increases LOX activity in (i) conditions and decreases CAT activity in 
(ni) context [8]. 
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Iodus 40®, Milsana® or HSA sprayings. These variations are observed 4 days after sprayings in non 
inoculated (ni) plants and 2 days post inoculation in inoculated (i) conditions 

Lauric acid (C12:0) content quantitatively increased after Iodus 40® (2.8-fold), Milsana® 
(4.8-fold) and trehalose (4-fold) treatment in (i) plants (2 days after inoculation). In [79], the 
authors showed that Vicia sativa seedlings treated with MeJA exhibit an increase in lauric 
acid ω-hydroxylase activity, an enzyme that converts C12:0 into hydroxylated forms 
potentially involved in cutin monomer synthesis. Moreover, C12:0 itself has several relevant 
biological properties such as antifungal, antiviral, antiparasite and antibacterial activities 
[80,81]. However, none of the four compounds induced any variation in C12:0 level in non-
infectious conditions. Since no elicitation was observed in this context, priming effect on 
C12:0 accumulations could be proposed for these resistance inducers in wheat against Bgt. 

Contents of C20:2 (eicosadienoic acid) decreased in Iodus 40®- and Milsana®-treated (ni) 
plants compared to the corresponding controls (4 days after treatment). The decrease was 
confirmed at the qualitative level only for Iodus 40®. In (i) conditions, only Milsana® 
induced a significant decrease in C20:2 content at both levels whereas TR induced a decrease 
perceptible at the qualitative level only. In (i) plants, C20:2 increased (data not shown). 
C20:2 content seemed to be affected by fungal infection of the plant to a greater extent than 
by any of the resistance inducing treatments, since similar quantities were found in water-
control (i) plants as well as in resistance inducers-treated plants. The link between C20:2 and 
infection was also reported in [82].Transgenic A. thaliana plants producing C20:2 exhibited 
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enhanced resistance to the aphid Myzus persicae, the fungal pathogen Botrytis cinerea and to 
the oomycete pathogen Phytophtora capsici. 

C18:1 (oleic acid) in Iodus 40®-treated (ni) plants showed a quantitative 1.2 fold-increase. 
C18:1, as well as other C18 and C16 FAs, are well known substrates for cutin monomer 
synthesis [83]. One could suggest that Iodus 40®, by stimulating the accumulation of this 
FA, contributes to the reinforcement of the plant cuticule prior to fungal contamination. In 
cultured parsley cells, a biphasic time-course for C18:1 increase was obtained upon 
treatment with peptidic or fungal elicitors [84]. In [85], the authors suggested that 
chloroplastic C18:1 level is critical for normal pathogen defense responses in Arabidopsis, 
including programmed cell death and systemic acquired resistance (SAR). In [86], it was 
shown that the oleic acid-mediated pathway induces constitutive defense signaling and 
enhances resistance to multiple pathogens in soybean. C18:1 and linoleic (18:2) acid levels, in 
part, regulate fungal development, seed colonization, and mycotoxin production by 
Aspergillus spp. [87]. Direct antifungal activity has also been reported for C18:1, since it 
inhibits, in a dose-dependent manner, the germination of Erysiphe polygoni spores [88]. 

The amount of C18:2 increased (1.6-fold) 4 days after HSA treatment in (i) plants. For C18:2, 
the accumulation in sorbitol-treated barley leaves was reported from 12 h till 72h after 
treatment [89]. Cold acclimating potato was found to accumulate linoleic acid (18:2) in the 
membrane glycerolipids of the leaves [90]. C18:2 is also a substrate for cutin monomer 
synthesis and can therefore contribute to cuticle reinforcement.  

Among the four inducers tested, Iodus40® had the largest effects on FA levels, since it 
increased C12:0 and C18:1 and decreased C20:2. This product, which active ingredient is 
laminarin (polysaccharide), induced decreases in lipid peroxydation level all over the time-
course experiment [8]. 

Trehalose and Milsana® had similar effects on FAs profile with induced increases in C12:0 
and decreases in C20:2 contents. However, TR and Milsana® modes of action are quite 
different in the wheat-powdery mildew interaction. TR activates phenylalanine ammonia-
lyase (PAL) and peroxydase activity and enhances papilla autofluorescence and H2O2 
accumulation. However, it does not affect catalase (CAT), cinnamyl alcohol dehydrogenase 
(CAD), LOX or oxalate oxidase (OXO) activities, and does not alter lipid peroxide levels [8]. 
According to the authors in [10], treatments of wheat with Milsana® enhance H2O2 

accumulation at the fungal penetration site without any possible correlation with the 
activation of enzymes involved in ROS metabolism. Only LOX, involved in both ROS 
regulation and lipid peroxidation, showed a 26 to 32% increase 48h postreatment in 
Milsana-infiltrated leaves. This weak effect of Milsana® on wheat lipid metabolism was 
confirmed at the lipid peroxydation level, which was shown to decrease in treated plants.  

While HSA sprayings enhanced an increase in C18:2 levels only, HSA exhibited the most 
numerous and the highest effects in the wheat-powdery mildew interaction. HSA induced 
H2O2 accumulation, increases LOX activity in (i) conditions and decreases CAT activity in 
(ni) context [8]. 
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While barley leaves treated with salicylate [77], sorbitol [89] or JA [91] accumulated C18:3, 
none of the 4 compounds tested induced any increase in C18:3 in wheat leaves according to 
our results. 

3.5.2. Free FAs and PLFAs content vary in SA-infiltrated wheat leaves 

The profile of free FAs and phospholipids FAs (PLFAs) in SA-infiltrated wheat leaves were 
also investigated and are presented in Table 5 and Table 6. 
 

 C16:0 C18:0 C18:1 C18:2 C18:3 

μg/mg dry 
weight 

2.38-fold 
increase 

(48-96hai) 

2.36-fold increase
(48-96hai) 

2-fold 
increase 

(48-96hai) 
Ø 

2.74-fold 
decrease 
(6-96hai) 

% 
1.4-fold 
increase 
(6-96hai) 

1.47-fold increase
(6-96hai) 

Ø Ø 
2.3-fold 
decrease 
(6-96hai) 

Table 5. Variations in free FAs content and % in SA-infiltrated leaves 

 

 C16:0 C18:0 C18:1 C18:2 C18:3 

μg/mg dry 
weight 

1.5-fold 
increase 

(48-72hai) 

1.9-fold 
increase 
(6-96hai) 

Ø 
2.7-fold 
decrease 

(72-96hai) 

2.28-fold 
decrease 

(24-96hai) 

% 
1.6-fold 
increase 

(48-96hai) 

2.5-fold 
increase 

(24-96hai) 
Ø Ø 

1.27-fold 
decrease 

(24-96hai) 

Table 6. Variations in PLFAs content and % in SA-infiltrated leaves 

Upon treatment with SA, free palmitic acid (C16:0) accumulation was observed from 48 till 
96 hai with an average of 2.38 fold-increase over this period and 1.4-fold increase at the 
qualitative level over the whole time-course experiment. Similar results were observed for 
the PLFAs C16:0, essentially the last 3 days of the experiment. Since monomers of cutin are 
synthesized C16:0, SA seems to induce the reinforcement of the plant cuticule. In A. thaliana, 
levels of the C16:3 (hexadecatrienoic acid) increase within a few hours of exposure to an 
avirulent strain of P. syringae [92]. 

Increases in both classes of stearic acid C18:0 content and percentage were observed in SA-
infiltrated leaves. In soybean, increased levels of C18:0 likely inhibit soybean seed 
colonization by the seed-borne pathogen Diaporthe phaseolorum [93].  

A transient 2-fold increase in free FAs C18:1 content was recorded. A sharp and rapid 
increase in C18:1 level was observed in parsley cells treated with a fungal elicitor [83]. 
Recent studies suggest that free oleic acid (18:1) levels in the chloroplast regulate the defense 
response of plants to pathogens including programmed cell death and SAR [94]. 
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A 2,7-fold decrease in C18:2 PLFAs was observed 72 till 96 hai of SA. In sorbitol-treated 
barley leaves, the accumulation of C18:2 occurred from 12 h till 72h after treatment [89]. The 
development of asexual spores, and the formation of cleistothecia and sclerotia of Aspergillus 
spp are affected by C18:2 and light [95]. Avocado fruits infected with Colletotrichum 
gleosporioides spores accumulate C18:2 [96]. 

One of the most interesting results is the general decrease of C18:3 level after SA-infiltration. 
Most of the studies report increases in 18:3 levels such in suspension cells of California 
poppy (Eschscholtzia californica) treated with a yeast elicitor [97]. In A. thaliana, an increase of 
C18:3 occurred within a few hours of exposure to an avirulent strain of P. syringae [91]. The 
Arabidopsis fad7 fad8 mutant defective in the generation of C18:3 in chloroplastic membranes 
is deficient in ROS production following infection with avirulent strains of Pseudomonas 
syringae and shows enhanced susceptibility to this pathogen [92]. C18:3 stimulates NADPH 
oxidase activity in vitro, which suggests that C18:3 modulates ROS production and the 
subsequent defense responses during R gene–mediated resistance in plants [92].  The 
Arabidopsis fad3 fad7 fad8 triple mutant is unable to accumulate JA because of a deficiency in 
C18:3 and is highly susceptible to infection by insect larvae [98]. The fad3 fad7 fad8 mutant 
plants are also highly susceptible to root rot by Pythium jasmonium, and this susceptibility 
can be alleviated by the exogenous application of MeJA [99]. Rhizobacteria-induced 
enhanced resistance to Botrytis cinerea is associated with the accumulation of C18:2 and 
C18:3 FAs in bean [100].  

In barley leaves, 13-LOX are induced by SA and jasmonates. Upon SA treatment, free 
C18:3 and C18:2 accumulate in a 10:1 ratio reflecting their relative occurrence in leaf 
tissues [78]. The release of 18:3 from plant membrane lipids by stress-activated lipases is 
thought to provide the substrate for lipoxygenase and subsequent octadecanoid (oxylipin) 
pathway synthesis of JA and methyl jasmonate [101,102]. JA and methyl jasmonate 
participate in the signal regulation of a number of plant processes including wound and 
pathogen defense responses. Efforts have been successful to identify and characterize 
fatty acids esterifying lipases that are activated by pathogen attack and/or environmental 
stress. Results suggest that both A1 and A2 phospholipases are involved in 18:3 
mobilization form membrane lipids [103]. In the C4 monocotyledon sorghum (Sorghum 
bicolor L.), SA induced genes of the octadecanoic acid pathway for JA synthesis which 
resulted in higher JA content [104]. 

However, in tobacco tissues expressing a hypersensitive response to TMV, an increase in the 
saturation of fatty acids contained in the microsomal phospholipids was observed while 
C18:3 content decreased by 9% [105]. Interestingly, the authors credited the change of FAs 
composition to a four-fold increase in LOX activity of the infected tobacco tissues. 

The decreases in free FAs observed with our model could be explained by a rapid 
dioxygenation via LOX activity. Furthermore, accumulation of C16:0 and C18:0 coupled 
with no significant increase in C18:1 means that elongation of C16:0 into C18:0 is not 
followed by desaturation into C18:1, C18:2 and finally, C18:3. Such results could explain the 
reduced content level of C18:3. 
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While barley leaves treated with salicylate [77], sorbitol [89] or JA [91] accumulated C18:3, 
none of the 4 compounds tested induced any increase in C18:3 in wheat leaves according to 
our results. 

3.5.2. Free FAs and PLFAs content vary in SA-infiltrated wheat leaves 
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A 2,7-fold decrease in C18:2 PLFAs was observed 72 till 96 hai of SA. In sorbitol-treated 
barley leaves, the accumulation of C18:2 occurred from 12 h till 72h after treatment [89]. The 
development of asexual spores, and the formation of cleistothecia and sclerotia of Aspergillus 
spp are affected by C18:2 and light [95]. Avocado fruits infected with Colletotrichum 
gleosporioides spores accumulate C18:2 [96]. 

One of the most interesting results is the general decrease of C18:3 level after SA-infiltration. 
Most of the studies report increases in 18:3 levels such in suspension cells of California 
poppy (Eschscholtzia californica) treated with a yeast elicitor [97]. In A. thaliana, an increase of 
C18:3 occurred within a few hours of exposure to an avirulent strain of P. syringae [91]. The 
Arabidopsis fad7 fad8 mutant defective in the generation of C18:3 in chloroplastic membranes 
is deficient in ROS production following infection with avirulent strains of Pseudomonas 
syringae and shows enhanced susceptibility to this pathogen [92]. C18:3 stimulates NADPH 
oxidase activity in vitro, which suggests that C18:3 modulates ROS production and the 
subsequent defense responses during R gene–mediated resistance in plants [92].  The 
Arabidopsis fad3 fad7 fad8 triple mutant is unable to accumulate JA because of a deficiency in 
C18:3 and is highly susceptible to infection by insect larvae [98]. The fad3 fad7 fad8 mutant 
plants are also highly susceptible to root rot by Pythium jasmonium, and this susceptibility 
can be alleviated by the exogenous application of MeJA [99]. Rhizobacteria-induced 
enhanced resistance to Botrytis cinerea is associated with the accumulation of C18:2 and 
C18:3 FAs in bean [100].  

In barley leaves, 13-LOX are induced by SA and jasmonates. Upon SA treatment, free 
C18:3 and C18:2 accumulate in a 10:1 ratio reflecting their relative occurrence in leaf 
tissues [78]. The release of 18:3 from plant membrane lipids by stress-activated lipases is 
thought to provide the substrate for lipoxygenase and subsequent octadecanoid (oxylipin) 
pathway synthesis of JA and methyl jasmonate [101,102]. JA and methyl jasmonate 
participate in the signal regulation of a number of plant processes including wound and 
pathogen defense responses. Efforts have been successful to identify and characterize 
fatty acids esterifying lipases that are activated by pathogen attack and/or environmental 
stress. Results suggest that both A1 and A2 phospholipases are involved in 18:3 
mobilization form membrane lipids [103]. In the C4 monocotyledon sorghum (Sorghum 
bicolor L.), SA induced genes of the octadecanoic acid pathway for JA synthesis which 
resulted in higher JA content [104]. 

However, in tobacco tissues expressing a hypersensitive response to TMV, an increase in the 
saturation of fatty acids contained in the microsomal phospholipids was observed while 
C18:3 content decreased by 9% [105]. Interestingly, the authors credited the change of FAs 
composition to a four-fold increase in LOX activity of the infected tobacco tissues. 

The decreases in free FAs observed with our model could be explained by a rapid 
dioxygenation via LOX activity. Furthermore, accumulation of C16:0 and C18:0 coupled 
with no significant increase in C18:1 means that elongation of C16:0 into C18:0 is not 
followed by desaturation into C18:1, C18:2 and finally, C18:3. Such results could explain the 
reduced content level of C18:3. 
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3.6. ltp gene expression is induced by SA infiltration 

The effect of SA on the expression of a lipid transfer protein-encoding gene ltp was also 
conducted according to the same time-course experiment (figure 8). SA induced a biphasic 
ltp expression pattern: a 1.7-fold increase at 9hai followed by an average of 4.6-fold increase 
between 48 and 96hai.  

The LTPs extracellular distribution in the exposed surfaces in vascular tissue systems, 
high abundance and corresponding genes expression in response to infection by 
pathogens suggest that they are active plant-defense proteins [106]. A combined 
expression of chitinase and LTP-encoding genes in transgenic carrot plants enhances 
resistance to Botrytis sp. and Alternaria sp. [107]. A high global expression of an ltp gene in 
resistant wheat to Tilletia tritici was identified [108]. The nonspecific nsLTP-encoding gene 
expression profile was evaluated in grape cells suspension in response to various defense-
realted signal molecules [109]. A rapid and strong accumulation of nsLTPs mRNAs was 
recorded upon treatment with ergosterol (5h after treatment with hybridation signal more 
than 300X A.U.) whereas JA, cholesterol and sitosterol promoted an accumulation but to a 
lesser extent (hybridation signal between 100 and 200X). However, SA had no effect on 
nsLTPs mRNAs accumulation.  

 
Figure 8. ltp gene expression in wheat leaves treated with SA 

Moreover, LTPs are known to be differentially expressed during a pathogenic interaction 
because they are potentially good ligands to oleic C18:1, linoleic C18:2 and eicosadienoic 
acids C20:2 [110]. Among 28 identified wheat nsLTP, eight nsLTP expressed in yeast 
exhibited lipid binding activity [111]. These proteins could be involved in the intracellular 
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traffic of phospholipids and in the transport of cutin monomers. Interestingly, SA induces 
the expression of the ltp gene in the same period when its impact on the lipid metabolism is 
the most important. One could think that the lipid transfer capacity of these binding 
proteins participate in the modulation of the lipid scenery upon resistance induction with 
SA.   

4. Conclusion 

The present chapter provides evidences for the effect of resistance inducers on wheat lipid 
metabolism and presents the strategy we used in order to characterize their mode of action 
at different levels: total FA content and relative proportion, PA, PE and DAG contents, 
expression of genes such as PLC and LTP-encoding ones. Lipid metabolism is therefore a 
marker of induced resistance in wheat. To our knowledge, such findings have never been 
presented before on Triticum aestivum.   

Salicylic acid is very likely to induce the formation of PA through the activation of 
phospholipases C and/or D pathways: induction of PLC gene expression, together with 
DAG accumulation suggests that the PLC pathway is enhanced and leads to PA production. 
On the other hand, reduction of PE content suggests that PLD pathway is triggered upon SA 
infiltration in order to ensure PA synthesis. lox gene expression up-regulation and 
corresponding enzymatic activity, along with the decrease of linolenic acid content, suggests 
that SA modulates lipid enzymatic peroxidation. Moreover, the expression of ltp gene was 
induced by SA, showing the involvement of the corresponding protein in the lipid signaling 
metabolism.   

The tested resistance inducers had some similarities in their mode of action, relatively to 
total FAs profiles. Trehalose and Milsana® seem to share similar modes of action via the 
increase of C12:0 and decrease of C20:2 contents. Iodus® exhibited the largest effects on FAs 
profiles, inducing increases in C12:0 and C18:1 and decreases in C20:2. HSA, however, was 
the only resistance inducer that modulated positively the content of C18:2. 

Future investigations have to be extended to other genes expression and corresponding 
enzymatic activities acting downstream of lipoxygenase in order to figure out whether the 
LOX-derived hydroperoxides are metabolized during the JA synthesis. Furthermore, a 
global approach using microarrays based on wheat cDNA chips would be a useful tool for 
increasing our knowledge of the plant lipidome in our wheat-powdery pathosystem. 
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1. Introduction 

The oxidation products of unsaturated fatty acids are collectively known as oxylipins. These 
compounds represent a highly diverse group of substances that are involved in a number of 
developmental processes and various stress responses in plants (Andersson et al., 2006). 
Plant oxylipins can be formed enzymatically, by initial oxidation by lipoxygenases (LOXs) 
or α-dioxygenases (α-DOXs); however, non-enzymatic autoxidation of polyunsaturated 
fatty acids (PUFA) also contribute to oxylipin formation in plant (Göbel and Feussner, 2009). 
An array of these substances are known to exert protective activities either as signaling 
molecules in plants during development, wounding, and insect and pathogen attack, or 
direct anti-microbial substance that are toxic to the invader. Despite the recent progress in 
deciphering the function of some oxylipins, the role of the vast majority of plant oxylipins 
remains unclear. Particularly well studied examples of the plant oxylipins are jasmonates 
(JAs) including jasmonic acid (JA) and its derivatives such as methyl jasmonate (MeJA), cis-
jasmone, jasmonoyl isoleucine (JA-Ile), jasmonoyl ACC (JA-ACC) and several other 
metabolites. Another important group of plant oxylipins is green leaf volatiles (GLV). 
Increasing evidence supports GLVs function in defense responses against herbivore. GLVs 
are C6 aldehydes, alcohols, and their esters formed through the hydroperoxide lyase (HPL) 
pathway downstream of LOXs. GLV can further trigger local and systemic volatile organic 
compounds (VOC) emissions upon insect feeding (Farag and Paré, 2002). A large number of 
VOC including monoterpenes, sesquiterpenes and carotenoid-type compounds can be 
biosynthesized in plants from the shikimic, lipidic and terpenic pathways (Fons et al., 2010). 
Most VOCs are not products of the LOX pathway but similar to LOX derivatives serve as 
signals for insects to choose a suitable host or to lay eggs (Müller and Hilker, 2001). The 
third better studied group of plant oxylipins is phytoprostanes, a category of non-
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enzymatically formed oxylipins, which play overlapped roles with OPDA in plant stress 
responses (Eckardt, 2008). 

JA biosynthesis and signaling pathways have been extensively investigated in 
dicotyledonous plants such as Arabidopsis, tobacco and tomato. In monocotyledonous 
species, only a scant number of JA biosynthetic enzymes have been described (Tani et al., 
2008; Yan et al., 2012). Jasmonates are formed from the LOX-catalyzed peroxidation of 
trienoic fatty acids at carbon atom 13 to form 13-hydroperoxide, which is modified to an 
allene oxide fatty acid and subsequently cyclized to the compound 12-oxo-phytodienoic acid 
(OPDA). Jasmonic acid (JA) is synthesized from OPDA by the reduction of a double bond 
and three consecutive rounds of β-oxidation. The pathway can accept C18-PUFA (linolenic 
acid) as well as C16-PUFA (hexadecatrienoic acid), in the latter case the intermediate is the 
so-called dinor-OPDA that may also be metabolized to JA. JA can be further enzymatically 
converted into numerous derivatives or conjugates, some of which have well-described 
biological activity such as free JA, MeJA, cis-jasmone and JA–Ile.  

JA signaling pathway, the transition process of JA-Ile as a chemical signal to biological 
signal, was elucidated in recent years. JA initiates signaling process upon formation of a 
SCFCOI1-JA-Ile-JAZ ternary complex (JAZ: jasmonate ZIM-domain protein; Sheard et al., 
2010), in which the JAZ repressors are ubiquitinated and subsequently degraded to release 
transcription factors, e.g., MYC2, causing downstream transcription activation of defense 
responses or developmental regulation (Chini et al., 2007; Thines et al., 2007).  The only 
jasmonate receptor identified to date has been the COI1 protein (Katsir et al., 2008; Yan et al., 
2009), but interestingly, only JA-Ile was found as a ligand of the SCFCOI1 E3 ubiquitin ligase 
complex (Thines et al., 2007).   

Since discovered in the 1960s as secondary metabolites from the oils of jasmine flowers 
(Demole et al., 1962), the biological roles of JA have received increased attention of 
researchers in the past decades. Jasmonates have gradually become realized as a defense 
and fertility hormone, and as such modulate numerable processes relating to development 
and stress responses. In Arabidopsis and tomato, JAs are directly involved in stamen and 
trichome development, vegetative growth, cell cycle regulation, senescence, anthocyanin 
biosynthesis regulation, and responses to various biotic and abiotic stresses (Creelman and 
Mullet, 1997; Wasternack, 2007; Howe and Jander, 2008; Browse, 2009; Avanci et al., 2010; 
Pauwels and Goossens, 2011). In monocots, much less is known about the role of JAs, 
however, it has been shown they are required for sex determination, reproductive bud 
initiation and elongation, leaf senescence, pigmentation of tissues and responses to the 
attack by pathogens and insects (Engelberth et al., 2004; Tani et al., 2008; Acosta et al., 2009; 
Yan et al, 2012).   

In plants, the JA signal acts co-operatively with other plant hormones. A number of studies 
have already attracted attention to plant hormone cross-talk as it relates to defense 
responses. In Arabidopsis, JA was shown to interact synergistically with ethylene (Xu et al 
1994), and, depending on particular stress, both synergistically and antagonistically with 
salicylic acid (Beckers and Spoel, 2006) and abscisic acid (ABA) (Anderson et al 2004) in 
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plant-pathogen or -insect interactions. Gibberellins (GA) interact with JA to control flower 
fertility in Arabidopsis. In maize, JA positively regulates ABA and ET biosynthesis in 
senescing leaves (Yan et al., 2012).  In summary, it is clear that JA signaling exert its 
functions via interaction with multiple plant hormones; however the crossroads of these 
interactions still remain to be explored.  

2. JA biosynthesis pathway and regulation 

2.1. The scheme of JA biosynthesis pathway 

In 1962, a floral scent compound, the methyl ester of jasmonic acid (MeJA) was isolated for 
the first time from the aromatic oil of Jasminum grandiflorum (Demole et al., 1962).  However, 
the physiological effects of MeJA or its free acid (JA) were unknown until the 1980’s when a 
senescence-promoting effect of JA (Ueda and Kato, 1980) and growth inhibition activity of 
MeJA to Vicia faba (Dathe, 1981) were observed. Now JA and derivatives (JAs) are the best 
characterized group of oxylipins in plants and are regarded as one of the the major 
hormones regulating both defense and development.  

Biosynthesis of JAs originates from polyunsaturated fatty acids (PUFA) and is synthesized 
by one of the seven distinct branches of the lipoxygenase (LOX) pathway, the allene oxide 
synthase (AOS) branch (Feussner and Wasternack, 2002). The remaing six branches form 
other oxylipins including GLVs as well as epoxy-, hydroxy-, keto- or ether PUFA and 
epoxyhydroxy-PUFA (Feussner and Wasternack, 2002) (Figure 1). In the oxylipin 
biosynthesis (Figure 1), only 13-hydroperoxide from α-linolenic acid (18:3, α-LeA) can be 
utilized by the AOS branch for JA production. Other fatty acid hydroperoxides such as 9- 
13- and 2-hydroperoxide, oxygenated by 9-LOX, 13-LOX and α-dioxygenase (α-DOX), 
respectively, or those whose substrates originate from α-LeA, hexadecatrienoic acid (16:3, 
HTA) or linoleic acid (18:2, LA) may be channeled to form other oxylipin subgroups. 
Biological functions of the majority of estimated 400-500 oxylipins is mostly unknown. 

The biosynthesis of JA and MeJA was elucidated by Vick and Zimmerman (1983), and 
Hamberg and Hughes (1988). The original precursors PUFA are released from chloroplast 
membranes by the action of lipid hydrolyzing enzymes. Upon α-LeA liberation, a molecular 
oxygen is incorporated by a 13-LOX at carbon atom 13 of the substrate leading to the 
formation of a fatty acid hydroperoxide, 13-HPOT (13S-hydroperoxy-(9Z,11E,15)-
octadecatrienoic acid) (Figure 2). This intermediate compound can proceede to seven 
distinct enzymatic branches (Figure 1), one of which is dehydration by the allene oxide 
synthase (AOS) to an unstable allene oxide, 12,13-EOT ((9Z,13S,15Z)-12,13-oxido-9,11,15-
octadecatrienoic acid) which can be cyclized to racemic 12-oxo-phytodienoic acid (OPDA). 
In the presence of an allene oxide cyclase (AOC), preferential product is the enantiomer, 
9S,13S/cis (+)-OPDA (Figure 2). All the reactions from α-LeA to OPDA take place within a 
plastid. cis (+)-OPDA is subsequently transported into the peroxisome, where it is further 
converted into (+)-7-iso-JA by 12-oxo-phytodienoic acid reductase (OPR) and three beta 
oxidation steps involving three peroxisomal enzymatic functions (acyl-CoA oxidase, multi-
functional protein, and l-3-ketoacyl-CoA thiolase) (Figure 2). (+)-7-iso-JA often epimerizes 
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into a more stable trans configuration, (-)-JA or undergoes modifications to produce diverse 
JA derivatives including MeJA and (+)-7-iso-JA-Ile. The latter one is the bioactive form of JA 
produced by conjugation of JA to isoleucine by the enzyme encoded by the JA resistant 1 
(JAR1) gene (Staswick and Tiryaki, 2004). 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overview of the oxylipin biosynthesis pathways in plants (Andreou et al., 2009) 
In the first reaction, free fatty acids (18:3 or 18:2) are oxidized by the addition of molecular oxygen 
yielding hydroperoxides (HPOT, hydroperoxy-octadecatrienoic acid; HOPD, hydroperoxy-
octadecadienoic acids) through activity of oxygenases, lipoxygenase (LOX) or α-dioxygenase (α-DOX). 
Hydroperoxide products formed by LOXs are further metabolized by other enzymes: allene oxide 
synthase (AOS), hydroperoxide lyase (HPL), divinyl ether synthase (DES), peroxygenase (POX) and 
epoxyalcohol synthases (EAS).  
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Figure 2. Scheme of JA biosynthesis pathway in A. thaliana (Delker et al., 2006) 
The enzymes and the intermediates are indicated as LOX2 for lipoxygenase 2, AOS for allene oxide 
synthase, AOC for allene oxide cyclase, and OPR3 for 12-oxophytodienoate reductase 3; 13-HPOT for 
13S-hydroperoxy-9Z,11E,15Z-octadecatrienoic acid, 12,13-EOT for 12,13-epoxyoctadecatrienoic acid, 
OPDA for 12-oxophytodienoic acid, JA for jasmonates, JA-Ile for jasmonoyl-isoleucine, JA-ACC for 
jasmonoyl-1-amino-1-cyclopropane carboxylic acid, and MeJA for methyl jasmonates. 

2.2. The alternative routes of JA biosynthesis 

JA biosynthesis beginning with free linolenic acid (18:3) as the substrate is referred to as the 
Vick and Zimmermann pathway (Schaller et al., 2004) which was considered the major 
source of JA production in plants. However, there are several variations of this pathway 
considered as the alternative routes of JA biosynthesis.  

Linoleic acid (LA, 18:2) is a ubiquitous component of plant lipids.  All seed oils of 
commercial importance including corn, sunflower and soybean oils usually contain over 
50% of linoleate. Previously, LA was considered analogous to α-LeA for metabolism by the 
Vick and Zimmermann pathway (Schaller et al., 2004) yielding 9,10-dihydro-JA (DH-JA). 
This product was widely detected in vivo in some plant species (Miersch et al., 1999; Blechert 
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commercial importance including corn, sunflower and soybean oils usually contain over 
50% of linoleate. Previously, LA was considered analogous to α-LeA for metabolism by the 
Vick and Zimmermann pathway (Schaller et al., 2004) yielding 9,10-dihydro-JA (DH-JA). 
This product was widely detected in vivo in some plant species (Miersch et al., 1999; Blechert 
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et al., 1995; Gundlach and Zenk, 1998), but not others, suggesting DH-JA biosynthesis from 
LA through Vick and Zimmermann pathway is not conserved (Gundlach and Zenk, 1998). 
Investigation by Gundlach and Zenk (1998) revealed that allene oxide cyclase (AOC), unlike 
most of the other enzymes of the Vick and Zimmerman pathway, discriminates between 
18:3 and 18:2-derived pathway intermediates. This implies that AOC is the bottleneck for 
DH-JA production or alternatively, DH-OPDA (precursor of DH-JA) may result from the 
spontaneous cyclization of the 18:2-derived allene oxide (Gundlach and Zenk, 1998). 

Hexadecatrienoic acid (16:3) was proposed as an analog of linolenic acid for JA biosynthesis 
through the Vick and Zimmermann pathway (Weber et al., 1997), which is characterized by 
forming dinor-oxophytodienoic acid (dn-OPDA), a 16-carbon cyclopentanoic acid analog of 
cis (+)-OPDA. First identified in leaf extracts of Arabidopsis and potato plants (Weber et al., 
1997), dn-OPDA dramatically accumulated upon wounding, suggesting an important role of 
this molecule in wounding response (Weber et al., 1997) (Figure 3). Although dn-OPDA 
forms after the first β-oxidation of cis (+)-OPDA (Figure 2), the detected dn-OPDA in 
wounded leaves believed to from 16:3 (Figure 3). Convincing genetic evidence for the role of 
16:3 in JA biosynthesis came from the analysis ofthe Arabidopsis mutant fad5 incapable of 
synthesizing 16:3 and JA (Weber et al., 1997).  

OPDA and dn-OPDA are also constituents of arabidopsides (Figure 4), which are 
considered other alternative substrates for JA production in Arabidopsis (Gfeller et al., 2010). 
Arabidopsides are OPDA- and/or dn-OPDA-containing monogalactosyl-diacylglycerides 

 
Figure 3. Alternative JA biosynthesis pathway (Schaller et al., 2004; Gfeller et al., 2010) 
See the abbreviations of the enzymes in the Fig. 2.   dnOPDA indicated the intermediate dinor-
oxophytodienoic acid, OPC:8 is 3-oxo-2-(2'-[Z]-pentenyl)-cyclopentane-1-octanoicacid and OPC:6 is 3-
oxo-2-(2'-pentenyl) cyclopentanehexanoic acid. 
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(MGDG) or digalactosyl-diacylglyceride (DGDG). Arabidopsides A, C, E and F have dino-
OPDA at sn2 position of glycerol backbone. Except for arabidopside F, all arabidopsides 
contain OPDA (Figure 4) (Hisamatsu et al., 2003; Hisamatsu 2005). At present, it is unclear 
whether the lipid-bound OPDA/dn-OPDA in the membranes is synthesized in situ from 
MGDG or DGDG or alternatively, OPDA/dn-OPDA is synthesized from free 18:3/16:3 and 
then incorporated into glycerol (Schaller et al., 2004). The latter possibility is supported by 
substantial amount of free 18:3 and 18:2 that were detected in tomato leaves after wounding 
(Conconi et al., 1996). However, Buseman et al. (2006) have shown that within the first 15 
min after wounding, levels of OPDA-dnOPDA MGDG, OPDA-OPDA MGDG, and OPDA-
OPDA DGDG increased 200 to 1000 folds. Yet in untreated leaves, the levels of these 
oxylipin-containing complex lipid species remained low, suggesting lipid-bound OPDA/dn-
OPDA in wounding response synthesize on the esterified galactolipids rather than via the 
free fatty acids. Furthermore, OPDA and dn-OPDA sequestered in form of MGDG-O or 
DGDG-O may provide an abundant resource of OPDA/dn-OPDA, which may rapidly 
release under appropriate stress conditions for signaling or further metabolism (Schaller et 
al., 2004). 

 
Figure 4. Arabidopsides of Arabidopsis thaliana (Hisamatsu et al., 2003, 2005) 

 
Figure 5. The metabolites produced from JA in plants (Gfeller et al., 2010) 
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whether the lipid-bound OPDA/dn-OPDA in the membranes is synthesized in situ from 
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then incorporated into glycerol (Schaller et al., 2004). The latter possibility is supported by 
substantial amount of free 18:3 and 18:2 that were detected in tomato leaves after wounding 
(Conconi et al., 1996). However, Buseman et al. (2006) have shown that within the first 15 
min after wounding, levels of OPDA-dnOPDA MGDG, OPDA-OPDA MGDG, and OPDA-
OPDA DGDG increased 200 to 1000 folds. Yet in untreated leaves, the levels of these 
oxylipin-containing complex lipid species remained low, suggesting lipid-bound OPDA/dn-
OPDA in wounding response synthesize on the esterified galactolipids rather than via the 
free fatty acids. Furthermore, OPDA and dn-OPDA sequestered in form of MGDG-O or 
DGDG-O may provide an abundant resource of OPDA/dn-OPDA, which may rapidly 
release under appropriate stress conditions for signaling or further metabolism (Schaller et 
al., 2004). 
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2.3. Derivatives and Metabolites of JA 

The JA biosynthetic pathway from linolenic acid yields (+)-7-iso-JA (3R,7S-JA) as the final 
product (Sembdner and Parthier, 1993). However, this molecule readily isomerizes to the 
thermodynamically favored stereoisomer (-)-JA (3R,7R-JA) (Figure 2) resulting in a molar 
equilibrium of about 9: 1 ((-)-JA : (+)-7-iso-JA) under normal conditions (Sembdner and 
Parthier, 1993). In addition to isomerization, JA undergoes a series of molecular 
modifications to form a variety of metabolites in plants (Figure 5). 

1. C1 carboxyl group can be methyl-esterified or conjugated with amino acids or with 
1-Aminocyclopropane-1-carboxylic acid (ACC). 

2. C1 carboxyl group can be decarboxylated. 
3. Glycosylation of C1 carboxyl group. 
4. Reduction of C6 carbonyl group. 
5. Reduction of C9,10 double bond. 
6. Hydroxylation of carbon at C11 or C12. 

With the above reactions, (+)-7-iso-JA can be converted into more than 30 distinct 
jasmonates which were found to be widespread in Angiospermae, Gymnospermae, 
Pteridophyta,  Algae such as Euglena, Spirulina, and Chiarella,  and the red alga Gelidium 
(Sembdner and Parthier, 1993). However, just several jasmonates e.g., free JA, cis-jasmone, 
MeJA and JA-Ile, are considered to be the major bioactive JA forms in plants (Fonseca et 
al., 2009). Other jasmonate derivatives or conjugates have been viewed as clearance 
metabolites playing important roles in hormone homeostasis (Sembdner and Parthier, 
1993), in which JA biosynthesis (and deconjugation) and JA degradation (or conjugation) 
are balanced to control the actual active JA level for fine-tuning developemental and 
defensive events. 

2.4. The Enzymes for JA biosynthesis and derivation 

The enzymes of JA biosynthesis and metabolism have been extensively investigated in 
Arabidopsis and several articles have reviewed structures, biochemical activities, and 
functional regulation (Schaller and Stintzi, 2009; Schaller, 2001; Delker et al., 2006). Here we 
focus on the genes encoding the enzymes for JA biosynthesis and metabolism.  

2.5. Phosholipase A (PLA) 

According to the classical Vick and Zimmerman pathway (Vick and Zimmerman, 1983), JA 
biosynthesis initiates by release of 18:3 from chloroplast membrane galactolipids by a lipase. 
The lipase belongs to one of the following five enzyme (Wasternack, 2007; Delker et al., 
2006):  (1) phospholipase A1 (PLA1), which cleaves the acyl group of phospholipid and 
glycerolipids at the sn-1 position; (2) phospholipase A2 (PLA2), which cleaves the acyl group 
in sn-2 position; (3) patatin-like acyl hydrolases, which has little sn-1/sn-2 specificity and is 
homologous to animal Ca2+-independent PLA2; (4) DAD-like lipase with activity of 
phospholipid and galactolipid acyl hydrolase that may have sn-1 or sn-2 specificity; (5) SAG 
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(senescence-associated gene) 101-like acyl hyrolase. The free hexadecatrienoic acid (16:3) 
liberated by a phospholipase A2 from the sn-2 position of MGDG or DGDG can also become 
substrate for JA biosynthesis to form dn-OPDA (Figure 3). Alternatively, 13-LOX may 
oxygenate 18:3 and 16:3 esterified in galactolipids (Buseman et al., 2006; Kourtchenko et al., 
2007). The resulting hydroperoxy galactolipids may then be substrates for AOS and AOC, 
yielding arabidopsides, which belong to galactolipid species containing esterified OPDA 
and dnOPDA in plastidic membranes. These lipid species may serve as storage lipids that 
may allow the rapid release of OPDA and dnOPDA, the JA biosynthetic intermediates. 
Conclusively, lipase activity is essential to supply the JA biosynthesis pathway with either 
free PUFA (18:3 and 16:3) or OPDA/dnOPDA as precursors. 

The first reported lipase involved in JA biosynthesis was DEFECTIVE IN ANTHER 
DEHISCENCE1 (DAD1), a chloroplastic glycerolipid lipase. DAD1 belongs to 
phospholipase A1 (PLA1) family. Arabidopsis dad1 T-DNA insertion mutants are male sterile 
from decreased JA accumulation required for reproduction (Ishiguro et al., 2001), but 
remain capable of synthesizing JA, indicating that other lipases contribute to JA production. 

A homolog of DAD1, the DONGLE protein was characterized as an essential lipase involved 
in the early wound response in Arabidopsis leaves. A DGL-overexpressing mutant dgl-D 
displayed dwarfism with small round leaves, extremely high basal JA accumulation, 
increased expression of JA-responsive genes, and increased resistance to the necrotrophic 
fungus Alternaria brassicicola (Hyun et al., 2008). 

Arabidopsis PLA1 family comprises seven PLA1 with predicted plastidic transit signaling 
peptides: DGL (At1g05800; PLA-Iα1), DAD1 (At2g44810; PLA-Iβ1), At2g31690 (PLA-Iα2), 
At4g16820 (PLA-Iβ2), At1g06800 (PLA-Iγ1), At2g30550 (PLA-Iγ2), and At1g51440 (PLA-Iγ3) 
(Ryu, 2004). In addition to these seven PLA1 lipases (DAD1-like lipases), Ellinger et al (2010), 
identified 14 additional putative lipases with predicted plastid transit peptides suggesting, 
up to 21 lipases may contribute to JA production in Arabidopsis. Mutant lines of 18 different 
lipases, including DGL and DAD1, have been assessed for wound-induced jasmonate levels. 
However, none of the single lipase mutants or the quadruple mutant line (pla-Iβ2 / Iγ1 / Iγ2 / 
Iγ3) were completely abolished in JA formation under basal and wound-induced conditions 
(Ellinger et al., 2010), indicating that multiple lipases with both sn-1 and sn-2 (or dual sn-
1/sn-2) galactolipid substrate specificity participate in JA formation in plant. 

2.6. Lipoxygenase (LOX) 

Lipoxygenases (LOXs) are non-heme iron-containing dioxygenases widely distributed in 
yeast, algae, fungus, plant, and animal species (Shin et al, 2008). LOX is the first synthesis 
enzyme of Vick and Zimmermann pathway. LOX isozymes catalyze the incorporation of 
molecular oxygen at either position 9 or 13 of polyunsaturated fatty acids (PUFA) such as 
linoleic (LA,18:2) and α-linolenic (LeA,18:3) acid to produce PUFA hydroperoxides (HPOT 
and HPOD), which can be further converted to different oxidized fatty acids (oxylipins) 
through the action of enzymes participating in seven LOX-pathway branches (Figure 1). 



 
Lipid Metabolism 400 

2.3. Derivatives and Metabolites of JA 

The JA biosynthetic pathway from linolenic acid yields (+)-7-iso-JA (3R,7S-JA) as the final 
product (Sembdner and Parthier, 1993). However, this molecule readily isomerizes to the 
thermodynamically favored stereoisomer (-)-JA (3R,7R-JA) (Figure 2) resulting in a molar 
equilibrium of about 9: 1 ((-)-JA : (+)-7-iso-JA) under normal conditions (Sembdner and 
Parthier, 1993). In addition to isomerization, JA undergoes a series of molecular 
modifications to form a variety of metabolites in plants (Figure 5). 

1. C1 carboxyl group can be methyl-esterified or conjugated with amino acids or with 
1-Aminocyclopropane-1-carboxylic acid (ACC). 

2. C1 carboxyl group can be decarboxylated. 
3. Glycosylation of C1 carboxyl group. 
4. Reduction of C6 carbonyl group. 
5. Reduction of C9,10 double bond. 
6. Hydroxylation of carbon at C11 or C12. 

With the above reactions, (+)-7-iso-JA can be converted into more than 30 distinct 
jasmonates which were found to be widespread in Angiospermae, Gymnospermae, 
Pteridophyta,  Algae such as Euglena, Spirulina, and Chiarella,  and the red alga Gelidium 
(Sembdner and Parthier, 1993). However, just several jasmonates e.g., free JA, cis-jasmone, 
MeJA and JA-Ile, are considered to be the major bioactive JA forms in plants (Fonseca et 
al., 2009). Other jasmonate derivatives or conjugates have been viewed as clearance 
metabolites playing important roles in hormone homeostasis (Sembdner and Parthier, 
1993), in which JA biosynthesis (and deconjugation) and JA degradation (or conjugation) 
are balanced to control the actual active JA level for fine-tuning developemental and 
defensive events. 

2.4. The Enzymes for JA biosynthesis and derivation 

The enzymes of JA biosynthesis and metabolism have been extensively investigated in 
Arabidopsis and several articles have reviewed structures, biochemical activities, and 
functional regulation (Schaller and Stintzi, 2009; Schaller, 2001; Delker et al., 2006). Here we 
focus on the genes encoding the enzymes for JA biosynthesis and metabolism.  

2.5. Phosholipase A (PLA) 

According to the classical Vick and Zimmerman pathway (Vick and Zimmerman, 1983), JA 
biosynthesis initiates by release of 18:3 from chloroplast membrane galactolipids by a lipase. 
The lipase belongs to one of the following five enzyme (Wasternack, 2007; Delker et al., 
2006):  (1) phospholipase A1 (PLA1), which cleaves the acyl group of phospholipid and 
glycerolipids at the sn-1 position; (2) phospholipase A2 (PLA2), which cleaves the acyl group 
in sn-2 position; (3) patatin-like acyl hydrolases, which has little sn-1/sn-2 specificity and is 
homologous to animal Ca2+-independent PLA2; (4) DAD-like lipase with activity of 
phospholipid and galactolipid acyl hydrolase that may have sn-1 or sn-2 specificity; (5) SAG 

 
Jasmonate Biosynthesis, Perception and Function in Plant Development and Stress Responses 401 

(senescence-associated gene) 101-like acyl hyrolase. The free hexadecatrienoic acid (16:3) 
liberated by a phospholipase A2 from the sn-2 position of MGDG or DGDG can also become 
substrate for JA biosynthesis to form dn-OPDA (Figure 3). Alternatively, 13-LOX may 
oxygenate 18:3 and 16:3 esterified in galactolipids (Buseman et al., 2006; Kourtchenko et al., 
2007). The resulting hydroperoxy galactolipids may then be substrates for AOS and AOC, 
yielding arabidopsides, which belong to galactolipid species containing esterified OPDA 
and dnOPDA in plastidic membranes. These lipid species may serve as storage lipids that 
may allow the rapid release of OPDA and dnOPDA, the JA biosynthetic intermediates. 
Conclusively, lipase activity is essential to supply the JA biosynthesis pathway with either 
free PUFA (18:3 and 16:3) or OPDA/dnOPDA as precursors. 

The first reported lipase involved in JA biosynthesis was DEFECTIVE IN ANTHER 
DEHISCENCE1 (DAD1), a chloroplastic glycerolipid lipase. DAD1 belongs to 
phospholipase A1 (PLA1) family. Arabidopsis dad1 T-DNA insertion mutants are male sterile 
from decreased JA accumulation required for reproduction (Ishiguro et al., 2001), but 
remain capable of synthesizing JA, indicating that other lipases contribute to JA production. 

A homolog of DAD1, the DONGLE protein was characterized as an essential lipase involved 
in the early wound response in Arabidopsis leaves. A DGL-overexpressing mutant dgl-D 
displayed dwarfism with small round leaves, extremely high basal JA accumulation, 
increased expression of JA-responsive genes, and increased resistance to the necrotrophic 
fungus Alternaria brassicicola (Hyun et al., 2008). 

Arabidopsis PLA1 family comprises seven PLA1 with predicted plastidic transit signaling 
peptides: DGL (At1g05800; PLA-Iα1), DAD1 (At2g44810; PLA-Iβ1), At2g31690 (PLA-Iα2), 
At4g16820 (PLA-Iβ2), At1g06800 (PLA-Iγ1), At2g30550 (PLA-Iγ2), and At1g51440 (PLA-Iγ3) 
(Ryu, 2004). In addition to these seven PLA1 lipases (DAD1-like lipases), Ellinger et al (2010), 
identified 14 additional putative lipases with predicted plastid transit peptides suggesting, 
up to 21 lipases may contribute to JA production in Arabidopsis. Mutant lines of 18 different 
lipases, including DGL and DAD1, have been assessed for wound-induced jasmonate levels. 
However, none of the single lipase mutants or the quadruple mutant line (pla-Iβ2 / Iγ1 / Iγ2 / 
Iγ3) were completely abolished in JA formation under basal and wound-induced conditions 
(Ellinger et al., 2010), indicating that multiple lipases with both sn-1 and sn-2 (or dual sn-
1/sn-2) galactolipid substrate specificity participate in JA formation in plant. 

2.6. Lipoxygenase (LOX) 

Lipoxygenases (LOXs) are non-heme iron-containing dioxygenases widely distributed in 
yeast, algae, fungus, plant, and animal species (Shin et al, 2008). LOX is the first synthesis 
enzyme of Vick and Zimmermann pathway. LOX isozymes catalyze the incorporation of 
molecular oxygen at either position 9 or 13 of polyunsaturated fatty acids (PUFA) such as 
linoleic (LA,18:2) and α-linolenic (LeA,18:3) acid to produce PUFA hydroperoxides (HPOT 
and HPOD), which can be further converted to different oxidized fatty acids (oxylipins) 
through the action of enzymes participating in seven LOX-pathway branches (Figure 1). 
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Plant LOXs are classified with respect to their positional specificity of LA dioxygenation. 
LOXs adding O2 to C-9 or C-13 of the hydrocarbon backbone of LA are designated as 9-LOX 
or 13-LOX (Feussner and Wasternack, 2002). However, in plants some LOXs have dual 
positional specificity to C-9 and C-13 of LA and produce both 9- and 13-hydroperoxides of 
linoleic acid (Hughes et al. 2001, Kim et al. 2002, Garbe et al. 2006). Plants LOXs were found 
in several subcellular compartments including chloroplast, vacuole and cytosol. According 
to their localization and sequence similarity, plant LOXs can be classified into type 1- and 
type 2-LOXs. Type 1-LOXs harbor no chloroplast-transit peptide but the members of this 
group share a high similarity (>75%) of amino acid sequence to one another. Type 2-LOXs 
carry a putative chloroplast transit peptide and show only a moderate overall similarity (
35%) of amino acid sequence to one another. To date, these LOX forms all belong to the 
subfamily of 13-LOXs (Feussner and Wasternack, 2002). After LOX activity and fluxing 
through the lipoxygenase pathway branches, PUFA (mainly LA and LeA) can be converted 
to hundreds of oxylipin species which physiological roles are largely unclear in plants. 
However, the jasmonates, a small group of oxylipins, whose members are well known 
signal molecules mediating defense responses against pathogens and insects. JA alone does 
not completely describe the effects of lipoxygenase activity, but the other hundreds of 
oxylipin compounds posses biochemical roles in determing a wide spectrum of responses. 
Plant LOXs have been correlated with seed germination, vegetative and reproductive 
growth, fruit maturation, plant senescence, and responses to pathogen attacks and insect 
wounding (Porta and Rocha-Sosa, 2002). 

Every plant species harbors several LOX isozymes, encoded by a LOX gene family. For 
example, the Arabidopsis genome contains six LOX genes (Bannenberg et al., 2009), while rice 
and maize have 14 (Umate, 2011) and 13 LOX genes (Nemchenko et al. 2006), respectively. 
All LOX isoforms may contribute to oxylipin production, but only 13-LOXs with 
chloroplast-transit peptide participate in Vick and Zimmerman pathway for JA production. 
Additionally, several LOX genes may function for JA biosynthesis, e.g., LOX2, LOX3, LOX4 
and LOX6 in Arabidopsis contain chloroplast signaling peptides and show 13S-lipoxygenase 
activity, both required for JA biosynthesis (Bannenberg et al., 2009). However, no LOX gene 
in Arabidopsis shows dual 9-/13-LOX activity (Bannenberg et al., 2009). Compelling evidence 
establishes LOXs involvment in JA biosynthesis in plants. LOX2 of Arabidopsis localizes to 
chloroplasts (Bell et al., 1995), and transgenic plants lacking LOX2 no longer produced JA as 
observed in control plants, indicating requirement of LOX2 for wound-induced 
accumulation of jasmonates in leaves (Bell et al., 1995). lox3 lox4 double mutant is male 
sterilie, revealing redundant role of LOX3 and LOX4 in florescence JA biosynthesis 
(Caldelari et al., 2011). In maize strong evidence establishes TS1 encoding ZmLOX8, as 
indispensible for JA biosynthesis in tassel (Acosta et al., 2009). In the ts1 mutant, the male 
sex determination process – abortion of pistil primordia in bisexual floral meristem, fails 
from deficient lipoxygenase activity and subsequent low endogenous JA concentrations 
(Acosta et al., 2009). In addition to peroxidation of JA percurors, LOXs may indirectly 
regulate JA biosynthesis in plants. For example, the maize disruption mutant, lox10, is 
devoid of green leaf volatiles (GLV) and reduced JA production (Christensen et al., 2012). 
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2.7. Allene oxide synthase (AOS) 

9-/13-HPOT, the product of LOXs can serve as substrate for several enzymes (Figure 1). 
Allene oxide synthase (AOS) catalyzes 9-/13-HPOT to the unstable epoxide, either 9,10-
EOT (9,10-Epoxyoctadecatrienoic acid) or 12,13-EOT (12,13-Epoxyoctadecatrienoic acid). 
The unstable epoxide can be either hydrolysed non-enzymatically to α- and γ -ketols or 
cyclized to 12-oxo-phytodienoic acid (OPDA). Only 12, 13-EOT provides substrate for the 
following enzyme in JA biosynthesis, allene oxide cyclase (AOC) (Figure 1). AOS and 
other HPOT-utilizing enzymes such as HPL (hydroperoxide lyase) and DES (divinyl ether 
synthase) belong to the family of CYP74 enzymes, which are independent from molecular 
oxygen and NADPH, exhibit low affinity to CO, and use an acyl hydroperoxide as the 
substrate and the oxygen donor (Stumpe and Feussner, 2006). CYP74 enzymes have been 
phylogenetically classified into CYP74A, CYP74B, CYP74C, and CYP74D (Stumpe and 
Feussner, 2006). With some exceptions, plant AOS enzymes belong to CYP74A (Stumpe 
and Feussner, 2006). According to the specificity of AOS to the substrates, 9-/13-
hydroperoxides, AOS enzymes specialize into 9- or 13-AOS, which use either 9- or 13-
hydroperoxide, respectively, as substrate. AOS enzymes from barley and rice show no 
substrate specificity for either (9S)-hydroperoxides or (13S)-hydroperoxides, and 
designated 9/13-AOS (Stumpe and Feussner, 2006). Like LOXs, only 13-AOS functions in 
JA biosynthesis. All 13-AOS carry a plastid-transit peptide except AOS from guayule (Pan 
et al., 1995) and barley (Maucher at al., 2000), indicating that during JA biosynthesis, AOS 
localizes to chloroplast. Interestingly, barley AOS, which lacks plastid-transit peptide, was 
also found localized in plastid (Maucher at al., 2000). Plant species may contain one or 
multiple AOS genes. For example, Arabidopsis jus has a single copy of AOS gene while rice 
may have four AOS genes (Agrawal et al., 2004). AOS genes from plant species such as 
flax (Song et al., 1993), guayule (Pan et al., 1995), Arabidopsis (Laudert et al., 1996), tomato 
(Howe et al., 2000), barley (Maucher et al., 2000), rice (Ha et al., 2002; Agrawal et al., 2004) 
and corn (Utsunomiya et al., 2000) have been cloned or purified so far.  The diagram of 
oxylipin biosynthesis (Figure 1) clearly showed AOS branch competes with other HPOT-
using branches for substrate, indicating AOS activity is crucial to control influx of HPOT 
into JA biosynthesis (Figure 1 & 2). Overexpression of flax AOS in transgenic potato 
plants led to 6-12 folds increased of basal JA level (Harms et al., 1995). However, 
overexpression of Arabidopsis AOS in either Arabidopsis or tobacco did not alter the basal 
level of JA (Laudert et al., 2000), indicating that the basal expression level of AOS varied 
in plant species which may be the bottleneck or not for JA production in rest plants. One 
important property of AOS genes in plants is that they are strongly induced by wounding 
and JA- / MeJA-, and OPDA- treatment in many plant species (Harms et al., 1995; Laudert 
and weiler, 1998). Other plant hormones such and Ethylene and abscisic acid (ABA) can 
also induce AOS Arabidopsis (Laudert and weiler, 1998). Arabidopsis JA-deficient mutant 
aos (Park et al., 2002) or dde2 (delayed-dehiscence2) (von Malek et al., 2002) showed male-
sterile phenotype and no JA induction in wounding response, demonstrating AOS 
enzyme is essential for JA biosynthesis pathway in plants.  
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or 13-LOX (Feussner and Wasternack, 2002). However, in plants some LOXs have dual 
positional specificity to C-9 and C-13 of LA and produce both 9- and 13-hydroperoxides of 
linoleic acid (Hughes et al. 2001, Kim et al. 2002, Garbe et al. 2006). Plants LOXs were found 
in several subcellular compartments including chloroplast, vacuole and cytosol. According 
to their localization and sequence similarity, plant LOXs can be classified into type 1- and 
type 2-LOXs. Type 1-LOXs harbor no chloroplast-transit peptide but the members of this 
group share a high similarity (>75%) of amino acid sequence to one another. Type 2-LOXs 
carry a putative chloroplast transit peptide and show only a moderate overall similarity (
35%) of amino acid sequence to one another. To date, these LOX forms all belong to the 
subfamily of 13-LOXs (Feussner and Wasternack, 2002). After LOX activity and fluxing 
through the lipoxygenase pathway branches, PUFA (mainly LA and LeA) can be converted 
to hundreds of oxylipin species which physiological roles are largely unclear in plants. 
However, the jasmonates, a small group of oxylipins, whose members are well known 
signal molecules mediating defense responses against pathogens and insects. JA alone does 
not completely describe the effects of lipoxygenase activity, but the other hundreds of 
oxylipin compounds posses biochemical roles in determing a wide spectrum of responses. 
Plant LOXs have been correlated with seed germination, vegetative and reproductive 
growth, fruit maturation, plant senescence, and responses to pathogen attacks and insect 
wounding (Porta and Rocha-Sosa, 2002). 

Every plant species harbors several LOX isozymes, encoded by a LOX gene family. For 
example, the Arabidopsis genome contains six LOX genes (Bannenberg et al., 2009), while rice 
and maize have 14 (Umate, 2011) and 13 LOX genes (Nemchenko et al. 2006), respectively. 
All LOX isoforms may contribute to oxylipin production, but only 13-LOXs with 
chloroplast-transit peptide participate in Vick and Zimmerman pathway for JA production. 
Additionally, several LOX genes may function for JA biosynthesis, e.g., LOX2, LOX3, LOX4 
and LOX6 in Arabidopsis contain chloroplast signaling peptides and show 13S-lipoxygenase 
activity, both required for JA biosynthesis (Bannenberg et al., 2009). However, no LOX gene 
in Arabidopsis shows dual 9-/13-LOX activity (Bannenberg et al., 2009). Compelling evidence 
establishes LOXs involvment in JA biosynthesis in plants. LOX2 of Arabidopsis localizes to 
chloroplasts (Bell et al., 1995), and transgenic plants lacking LOX2 no longer produced JA as 
observed in control plants, indicating requirement of LOX2 for wound-induced 
accumulation of jasmonates in leaves (Bell et al., 1995). lox3 lox4 double mutant is male 
sterilie, revealing redundant role of LOX3 and LOX4 in florescence JA biosynthesis 
(Caldelari et al., 2011). In maize strong evidence establishes TS1 encoding ZmLOX8, as 
indispensible for JA biosynthesis in tassel (Acosta et al., 2009). In the ts1 mutant, the male 
sex determination process – abortion of pistil primordia in bisexual floral meristem, fails 
from deficient lipoxygenase activity and subsequent low endogenous JA concentrations 
(Acosta et al., 2009). In addition to peroxidation of JA percurors, LOXs may indirectly 
regulate JA biosynthesis in plants. For example, the maize disruption mutant, lox10, is 
devoid of green leaf volatiles (GLV) and reduced JA production (Christensen et al., 2012). 
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2.7. Allene oxide synthase (AOS) 

9-/13-HPOT, the product of LOXs can serve as substrate for several enzymes (Figure 1). 
Allene oxide synthase (AOS) catalyzes 9-/13-HPOT to the unstable epoxide, either 9,10-
EOT (9,10-Epoxyoctadecatrienoic acid) or 12,13-EOT (12,13-Epoxyoctadecatrienoic acid). 
The unstable epoxide can be either hydrolysed non-enzymatically to α- and γ -ketols or 
cyclized to 12-oxo-phytodienoic acid (OPDA). Only 12, 13-EOT provides substrate for the 
following enzyme in JA biosynthesis, allene oxide cyclase (AOC) (Figure 1). AOS and 
other HPOT-utilizing enzymes such as HPL (hydroperoxide lyase) and DES (divinyl ether 
synthase) belong to the family of CYP74 enzymes, which are independent from molecular 
oxygen and NADPH, exhibit low affinity to CO, and use an acyl hydroperoxide as the 
substrate and the oxygen donor (Stumpe and Feussner, 2006). CYP74 enzymes have been 
phylogenetically classified into CYP74A, CYP74B, CYP74C, and CYP74D (Stumpe and 
Feussner, 2006). With some exceptions, plant AOS enzymes belong to CYP74A (Stumpe 
and Feussner, 2006). According to the specificity of AOS to the substrates, 9-/13-
hydroperoxides, AOS enzymes specialize into 9- or 13-AOS, which use either 9- or 13-
hydroperoxide, respectively, as substrate. AOS enzymes from barley and rice show no 
substrate specificity for either (9S)-hydroperoxides or (13S)-hydroperoxides, and 
designated 9/13-AOS (Stumpe and Feussner, 2006). Like LOXs, only 13-AOS functions in 
JA biosynthesis. All 13-AOS carry a plastid-transit peptide except AOS from guayule (Pan 
et al., 1995) and barley (Maucher at al., 2000), indicating that during JA biosynthesis, AOS 
localizes to chloroplast. Interestingly, barley AOS, which lacks plastid-transit peptide, was 
also found localized in plastid (Maucher at al., 2000). Plant species may contain one or 
multiple AOS genes. For example, Arabidopsis jus has a single copy of AOS gene while rice 
may have four AOS genes (Agrawal et al., 2004). AOS genes from plant species such as 
flax (Song et al., 1993), guayule (Pan et al., 1995), Arabidopsis (Laudert et al., 1996), tomato 
(Howe et al., 2000), barley (Maucher et al., 2000), rice (Ha et al., 2002; Agrawal et al., 2004) 
and corn (Utsunomiya et al., 2000) have been cloned or purified so far.  The diagram of 
oxylipin biosynthesis (Figure 1) clearly showed AOS branch competes with other HPOT-
using branches for substrate, indicating AOS activity is crucial to control influx of HPOT 
into JA biosynthesis (Figure 1 & 2). Overexpression of flax AOS in transgenic potato 
plants led to 6-12 folds increased of basal JA level (Harms et al., 1995). However, 
overexpression of Arabidopsis AOS in either Arabidopsis or tobacco did not alter the basal 
level of JA (Laudert et al., 2000), indicating that the basal expression level of AOS varied 
in plant species which may be the bottleneck or not for JA production in rest plants. One 
important property of AOS genes in plants is that they are strongly induced by wounding 
and JA- / MeJA-, and OPDA- treatment in many plant species (Harms et al., 1995; Laudert 
and weiler, 1998). Other plant hormones such and Ethylene and abscisic acid (ABA) can 
also induce AOS Arabidopsis (Laudert and weiler, 1998). Arabidopsis JA-deficient mutant 
aos (Park et al., 2002) or dde2 (delayed-dehiscence2) (von Malek et al., 2002) showed male-
sterile phenotype and no JA induction in wounding response, demonstrating AOS 
enzyme is essential for JA biosynthesis pathway in plants.  
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2.8. Allene oxide cyclase (AOC) 

Allene oxide cyclase (AOC) catalyzes the stereospecific cyclization of the unstable allene 
oxide, the product of AOS into the cis-(+) enantiomer OPDA, the precursor of JA (Figure 2). 
The unstable allene oxide is either 9,10-EOT (9,10-Epoxyoctadecatrienoic acid) or 12,13-EOT 
(12,13-Epoxyoctadecatrienoic acid), corresponding to 9-/13-HPOT, the substrates of AOS. 
These unstable substrates of AOC, 9,10-EOT and 12,13-EOT can spontaneously and rapidly 
hydrolyze to a mixture of α- and γ- ketols (t1/2 < 30 minutes in water) (Schaller et al., 2004). 
However, in vivo α- and γ- ketols are not detectable (Schaller et al., 2004), suggesting tight 
coupling of AOS and AOC reactions, which effectively convert HPOT into OPDA. AOC was 
firstly purified as a 47kDa dimer from maize kernals (Ziegler et al., 1997) and was found to 
accepted only 12,13-EOT (12,13(S)-epoxylinolenic acid) but not 12,13- EOD (12,13(S)-
epoxylinoleic acid) as a substrate (Ziegler et al., 1999). This is in contrast to AOS, which 
produces both allene oxides using 13(S)-hydroperoxy 18:3 and 18:2. Thus, it appears AOC 
provides additional specificity to the octadecanoid pathway for JA production in plants 
(Schaller et al., 2004). To date, one AOC gene from tomato (Ziegler et al., 2000), one from 
barley (Maucher et al., 2004) and four from Arabidopsis (Stenzel et al., 2003) have been 
cloned. Monocot AOC genes are less stuied, but at least two exisist in the rice genome 
(Agrawal et al., 2004). Arabidopsis AOCs are enzymatically active and form cis-(+)-OPDA, 
with AOC2 having greatest activity. The N-terminal of cloned AOC genes revealed the 
presence of chloroplast-transit peptide and localization in chloroplast was confirmed 
immunohistochemically (Ziegler et al., 2000; Stenzel et al., 2003), supporting OPDA 
production of JA biosynthesis is localized in chloroplast. Arabidopsis and rice AOC genes, in 
particular AOC2 and AOC1, respectively are differentially regulated upon wounding, JA-
treatment, and environmental stresses (Agrawal et al., 2004). 

2.9. Oxo-phytodienoic acid reductase (OPR) 

The second half of the JA biosynthesis pathway, beginning with cis-(+)-OPDA, occurs in the 
peroxisome, requiring OPDA or its CoA ester to transport from the chloroplast into the 
peroxisome. An OPDA-specific transporter is not yet known, however a peroxisomal ABC 
transporter protein COMATOSE (CTS, Footitt et al., 2002), also known as PXA1 (Zolman et 
al., 2001) or PED3 (Hayashi et al., 2002), may mediate transportation of OPDA into 
peroxisome. While cts mutants are JA-deficient, suggesting involvement of CTS with JA-
production, substantial residual JA implicates CTS-independent OPDA transport, possiblely 
by ion trapping of OPDA (Theodoulou et al., 2005).  

The first step of peroxisomal JA biosynthesis is the conversion of OPDA, a cyclopentenone 
to cyclopentanone (3-oxo-2-(2’(Z)-pentenyl)-cyclopentane-1-octanoic acid, OPC-8:0) 
catalyzed by OPDA reductase (OPR). OPR enzymes belong to Old Yellow Enzyme (OYE) 
(EC 1.6.99.1), initially isolated from brewer’s bottom yeast and shown to possess a flavin 
cofactor. Despite extensive biochemical and spectroscopic characterization, the physiological 
role of the enzyme remained obscure. OYE has been described as a diaphorase catalyzing 
the oxidation of NADPH in presence of molecular oxygen, but the physiological oxidant 
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remains unknown (Schaller, 2001). A number of compounds containing an olefinic bond of 
α,β-unsaturated ketones and aldehydes may be substrates of OYE (Schaller, 2001). Several 
OYE homologues have been identified in prokaryotic and eukaryotic organisms (Vaz et al., 
1995; Kohli and Massey, 1998; Xu et al., 1999). The first identified OYE in higher plant is 
OPR1 of Arabidopsis (Schaller and Weiler, 1997). Plant OPR isomers are encoded by small 
gene families identified in across broad plant genre, (Schaller et al., 2004). Better-studied 
OPR families include five OPRs (three of which are characterized) in Arabidopsis (Sanders et  

 
Figure 6. β-Oxidation Scheme of JA Biosynthesis (Li et al., 2005) 
Abbreviations: ACS (acyl-CoA synthetase), ACX (acyl-CoA oxidase), MFP (multifunctional protein), 
KAT (3-ketoacyl-CoA thiolase), and OPC8:0 (3-oxo-2(2’[Z]-pentenyl)-cyclopentane-1-octanoic acid) 

al., 2000), six in pea (Matsui et al., 2004), three in tomato (Strassner et al., 2002), 13 in rice 
(Agrawal et al., 2004), and eight in maize (Zhang et al., 2005). All theses OPRs can catalyze 
the reduction of α,β-unsaturated carbonyls (conjugated enones) in a wide spectrum of 
substrates in including four stereoisomers of OPDA(Sanders et al., 2000). Earlier studies on 
the enzymatic activity of OPRs in Arabidopsis and tomato revealed that different OPR 
isomers have distinct substrate preferences to warrant classification into separate groups, 
group I and II, depending on their substrate specificity to OPDA stereoisomers (Schaller et 
al., 1998). OPR group I enzymes preferentially catalyze the reduction of (9R,13R)-12-oxo-
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hydrolyze to a mixture of α- and γ- ketols (t1/2 < 30 minutes in water) (Schaller et al., 2004). 
However, in vivo α- and γ- ketols are not detectable (Schaller et al., 2004), suggesting tight 
coupling of AOS and AOC reactions, which effectively convert HPOT into OPDA. AOC was 
firstly purified as a 47kDa dimer from maize kernals (Ziegler et al., 1997) and was found to 
accepted only 12,13-EOT (12,13(S)-epoxylinolenic acid) but not 12,13- EOD (12,13(S)-
epoxylinoleic acid) as a substrate (Ziegler et al., 1999). This is in contrast to AOS, which 
produces both allene oxides using 13(S)-hydroperoxy 18:3 and 18:2. Thus, it appears AOC 
provides additional specificity to the octadecanoid pathway for JA production in plants 
(Schaller et al., 2004). To date, one AOC gene from tomato (Ziegler et al., 2000), one from 
barley (Maucher et al., 2004) and four from Arabidopsis (Stenzel et al., 2003) have been 
cloned. Monocot AOC genes are less stuied, but at least two exisist in the rice genome 
(Agrawal et al., 2004). Arabidopsis AOCs are enzymatically active and form cis-(+)-OPDA, 
with AOC2 having greatest activity. The N-terminal of cloned AOC genes revealed the 
presence of chloroplast-transit peptide and localization in chloroplast was confirmed 
immunohistochemically (Ziegler et al., 2000; Stenzel et al., 2003), supporting OPDA 
production of JA biosynthesis is localized in chloroplast. Arabidopsis and rice AOC genes, in 
particular AOC2 and AOC1, respectively are differentially regulated upon wounding, JA-
treatment, and environmental stresses (Agrawal et al., 2004). 

2.9. Oxo-phytodienoic acid reductase (OPR) 

The second half of the JA biosynthesis pathway, beginning with cis-(+)-OPDA, occurs in the 
peroxisome, requiring OPDA or its CoA ester to transport from the chloroplast into the 
peroxisome. An OPDA-specific transporter is not yet known, however a peroxisomal ABC 
transporter protein COMATOSE (CTS, Footitt et al., 2002), also known as PXA1 (Zolman et 
al., 2001) or PED3 (Hayashi et al., 2002), may mediate transportation of OPDA into 
peroxisome. While cts mutants are JA-deficient, suggesting involvement of CTS with JA-
production, substantial residual JA implicates CTS-independent OPDA transport, possiblely 
by ion trapping of OPDA (Theodoulou et al., 2005).  

The first step of peroxisomal JA biosynthesis is the conversion of OPDA, a cyclopentenone 
to cyclopentanone (3-oxo-2-(2’(Z)-pentenyl)-cyclopentane-1-octanoic acid, OPC-8:0) 
catalyzed by OPDA reductase (OPR). OPR enzymes belong to Old Yellow Enzyme (OYE) 
(EC 1.6.99.1), initially isolated from brewer’s bottom yeast and shown to possess a flavin 
cofactor. Despite extensive biochemical and spectroscopic characterization, the physiological 
role of the enzyme remained obscure. OYE has been described as a diaphorase catalyzing 
the oxidation of NADPH in presence of molecular oxygen, but the physiological oxidant 
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remains unknown (Schaller, 2001). A number of compounds containing an olefinic bond of 
α,β-unsaturated ketones and aldehydes may be substrates of OYE (Schaller, 2001). Several 
OYE homologues have been identified in prokaryotic and eukaryotic organisms (Vaz et al., 
1995; Kohli and Massey, 1998; Xu et al., 1999). The first identified OYE in higher plant is 
OPR1 of Arabidopsis (Schaller and Weiler, 1997). Plant OPR isomers are encoded by small 
gene families identified in across broad plant genre, (Schaller et al., 2004). Better-studied 
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al., 2000), six in pea (Matsui et al., 2004), three in tomato (Strassner et al., 2002), 13 in rice 
(Agrawal et al., 2004), and eight in maize (Zhang et al., 2005). All theses OPRs can catalyze 
the reduction of α,β-unsaturated carbonyls (conjugated enones) in a wide spectrum of 
substrates in including four stereoisomers of OPDA(Sanders et al., 2000). Earlier studies on 
the enzymatic activity of OPRs in Arabidopsis and tomato revealed that different OPR 
isomers have distinct substrate preferences to warrant classification into separate groups, 
group I and II, depending on their substrate specificity to OPDA stereoisomers (Schaller et 
al., 1998). OPR group I enzymes preferentially catalyze the reduction of (9R,13R)-12-oxo-
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10,15(Z)-octadecatrienoic acid (9R,13R-OPDA), while OPR group II enzymes preferentially 
catalyze (9S,13S)-12-oxo-10,15(Z)-octadecatrienoic acid (9S,13S-OPDA), a intermediate 
biosynthetic precursor in JA biosynthesis (Schaller et al., 1998). OPR3 of Arabidopsis and 
tomato, belonging to group II, have been shown to efficiently reduce the natural isomer 
9S,13S-OPDA to OPC 8:0, the precursor of JA (Schaller et al., 1998). In contrast, OPR group I 
enzymes such as OPR1/2 of Arabidopsis and tomato have very low affinity for 9S,13S-OPDA 
(Schaller et al., 1998) and unlikely to be involved in JA biosynthesis but instead function in 
other yet unknown biochemical processes. In addition, to uncover the molecular 
determinants of substrate specificity between OPR group I and II, crystal structural 
comparison and mutational analysis of tomato OPR1/3 in complex with OPDA enantiomers 
revealed that two active-site residues, i.e., Tyr78 and Tyr246 in OPR1 and Phe74 and His244 
in OPR3 of tomato, are critical for substrate specificity (Breithaupt et al. 2009). Thus, the 
biochemical studies conclude OPR3 rather than OPR1 and OPR2, is responsible for JA 
production in Arabidopsis and tomato. 

Numerous genetic studies identifed JA biosynthetic OPR enzymes across several plant 
species. A knockout Arabidopsis mutant, dde1/opr3, displayed male sterilility and 
compromised defense responses resulting from JA deficiency, indicating OPR3 is essential 
for the JA biosynthesis pathway and other OPR isomers such as OPR1/2 can not substitute 
for OPR3 in JA production (Sanders et al., 2000; Stintzi and Browse, 2000). One orthologue 
of OPR3, i.e., OsOPR7, was identified as a JA biosynthetic OPR in rice (Tani et al., 2008). 
OPR7 and OPR8 in maize, orthologous to OPR3 of Arabidopsis, are segmentally duplicated 
genes, sharing 94.5% identity in amino acid sequence to each other and responsible for JA 
biosynthesis in maize (Yan et al., 2012). opr7 opr8 double mutant showed a number of 
genetic phenotypes such as tasselseed and susceptibility to insect and pathogen, reflecting 
JA essential functions in monocotyledonous plants (Yan et al., 2012). Thus in plants, the 
physiological role of OPR group II enzymes in plants is primarily for production of the 
jasmonates, which mediate many development and defense-related processes (Yan et al., 
2012). However, the biological significance of plants with multiple OPR group I enzymes is 
not clearly understood so far. 

2.10. β-Oxidation enzymes 

β-oxidation in lipid metabolism was believed to be located in the peroxisomes of all higher 
plants (Masterson and Wood, 2001) but also detected in mitochondria in a non-oilseed plant 
(Masterson and Wood, 2001). The terminal steps of peroxisomal JA biosynthesis are three β-
oxidation reactions, which shorten the carboxyl side chain from the intermediates OPC-8:0 
or OPC-6:0 produced from OPDA or dn-OPDA (Vick and Zimmernan, 1983). Prior to entry 
into the β-oxidation reactions, the carboxylic group of OPC-8:0 or OPC-6:0 must activate as a 
CoA ester. Arabidopsis possesses an acyl-activating superfamily containing 63 different 
genes, whose proteins are potential acyl-activating enzymes (AAEs) (Shockey et al., 2003). 
Within this superfamily, a subgroup, called the 4-coumarate:CoA ligase (4CL)-like family, 
contains 13 members shown to possess peroxisomal acyl-activating activity involved in the 
biosynthesis of jasmonic acid (Koo et al., 2006).  One of these 13 genes, At1g20510 was 
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confirmed as an OPC-activating enzyme, designated OPCL1 (OPC-8:CoA ligase 1) (Koo et 
al., 2006).  Loss-of-function mutants for OPCL1 hyper-accumulate OPC-8:0, OPC-6:0, and 
OPC-4:0, suggesting a metabolic block in OPC-CoA ester formation. The mutants are also 
compromised in wound-induced JA accumulation. However, about 50% of wild-type levels 
remain in the mutants indicating that OPCL1 is responsible for only part of the wound-
induced JA production, and that additional acyl-CoA synthetases may be involved in OPC-
8:0-activation (Koo et al., 2006). Another two 4CL-like proteins At4g05160 and At5g63380, 
were selected as acyl-CoA synthetases for JA biosynthesis. The recombinant At4g05160 
protein showed, in vitro, a distinct activity with broad substrate specificity including, 
medium-chain fatty acids, long-chain fatty acids, as well as, OPDA and OPC-8:0. The closest 
paralogue of At4g05160, At5g63380, showed high activity with long-chain fatty acids and 
OPDA (Schneider et al., 2005), suggesting OPDA-CoA could function as substrate for OPR3 
to form OPC-CoA, the substrate of β-oxidation.   

Peroxisomal β-oxidation (Figure 6) of JA biosynthesis is catalyzed by three proteins (1) acyl-
CoA oxidase (ACX), (2) the multifunctional protein (MFP) which exhibits 2-trans-enoyl-CoA 
hydratase, L-3-hydroxyacyl-CoA dehydrogenase, D-3-hydroxyacyl-CoA epimerase and Δ3, 
Δ2-enoyl-CoA isomerase activities, and (3) L-3-ketoacyl-CoA thiolase (KAT) (Schaller et al., 
2004). The first ACX gene, named ACX1A was isolated from tomato. ACX1A was shown to 
catalyze the first step in the peroxisomal beta-oxidation stage of JA biosynthesis (Li et al., 
2005). Recombinant ACX1A exhibited a preference for C12 and C14 straight-chain acyl-
CoAs and also was active in the metabolism of cyclopentanoid-CoA precursors of JA (Li et 
al., 2005). acx1 tomato mutant produced very little JA in wounded leaves (for 1-hour wound, 
5% of wild type) and impaired in wound-induced defense gene activation and insect 
resistance (Li et al., 2005). Arabidopsis genome contains six ACX genes, designated ACX1 to 
ACX6 (Rylott et al., 2003). acx1 mutant of Arabidopsis produced 20% of JA production in 
wild type while acx1/5 double mutant showed severe JA deficiency symptoms including 
impaired male fertility and susceptible to leaf-chewing insect (Schilmiller et al., 2007). For 
MFP roles in JA biosynthesis Arabidopsis aim1 mutant, in which one of two MFP i.e. MFP2 
is disrupted, showed impairment in wound-induced JA accumulation and defensive gene 
expression (Delker et al., 2007). In tobacco a similar result was obtained, that is, a stress-
responsive MFP orthologous to Arabidopsis AIM1 are involved in β-oxidation (Ohya et al., 
2008). Among five KAT genes in Arabidopsis, KAT2 was shown to play a major role in 
driving wound-activated responses by participating in the biosynthesis of JA in wounded 
leaves (Castillo et al., 2004). The final step of JA biosynthesis is that jasmonyl-CoA releases 
free acid by jasmonyl-thioesterase. There is no report of cloning of jasmonyl-thioesterase in 
plant so far except that in Arabidopsis two peroxyisomal acyl-thioesterases, ACH1 and ACH2 
have showed thioesterase activity of hydrolyzing both medium and long-chain fatty acyl-
CoAs but not jasmonyl-CoA (Tilton et al., 2004).  

2.11. Carboxyl methyltransferase (JMT) 

The floral scent methyl jasmonate (MeJA) has been identified as a vital cellular regulator 
that mediates diverse developmental processes and defense responses against biotic and 
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10,15(Z)-octadecatrienoic acid (9R,13R-OPDA), while OPR group II enzymes preferentially 
catalyze (9S,13S)-12-oxo-10,15(Z)-octadecatrienoic acid (9S,13S-OPDA), a intermediate 
biosynthetic precursor in JA biosynthesis (Schaller et al., 1998). OPR3 of Arabidopsis and 
tomato, belonging to group II, have been shown to efficiently reduce the natural isomer 
9S,13S-OPDA to OPC 8:0, the precursor of JA (Schaller et al., 1998). In contrast, OPR group I 
enzymes such as OPR1/2 of Arabidopsis and tomato have very low affinity for 9S,13S-OPDA 
(Schaller et al., 1998) and unlikely to be involved in JA biosynthesis but instead function in 
other yet unknown biochemical processes. In addition, to uncover the molecular 
determinants of substrate specificity between OPR group I and II, crystal structural 
comparison and mutational analysis of tomato OPR1/3 in complex with OPDA enantiomers 
revealed that two active-site residues, i.e., Tyr78 and Tyr246 in OPR1 and Phe74 and His244 
in OPR3 of tomato, are critical for substrate specificity (Breithaupt et al. 2009). Thus, the 
biochemical studies conclude OPR3 rather than OPR1 and OPR2, is responsible for JA 
production in Arabidopsis and tomato. 

Numerous genetic studies identifed JA biosynthetic OPR enzymes across several plant 
species. A knockout Arabidopsis mutant, dde1/opr3, displayed male sterilility and 
compromised defense responses resulting from JA deficiency, indicating OPR3 is essential 
for the JA biosynthesis pathway and other OPR isomers such as OPR1/2 can not substitute 
for OPR3 in JA production (Sanders et al., 2000; Stintzi and Browse, 2000). One orthologue 
of OPR3, i.e., OsOPR7, was identified as a JA biosynthetic OPR in rice (Tani et al., 2008). 
OPR7 and OPR8 in maize, orthologous to OPR3 of Arabidopsis, are segmentally duplicated 
genes, sharing 94.5% identity in amino acid sequence to each other and responsible for JA 
biosynthesis in maize (Yan et al., 2012). opr7 opr8 double mutant showed a number of 
genetic phenotypes such as tasselseed and susceptibility to insect and pathogen, reflecting 
JA essential functions in monocotyledonous plants (Yan et al., 2012). Thus in plants, the 
physiological role of OPR group II enzymes in plants is primarily for production of the 
jasmonates, which mediate many development and defense-related processes (Yan et al., 
2012). However, the biological significance of plants with multiple OPR group I enzymes is 
not clearly understood so far. 

2.10. β-Oxidation enzymes 

β-oxidation in lipid metabolism was believed to be located in the peroxisomes of all higher 
plants (Masterson and Wood, 2001) but also detected in mitochondria in a non-oilseed plant 
(Masterson and Wood, 2001). The terminal steps of peroxisomal JA biosynthesis are three β-
oxidation reactions, which shorten the carboxyl side chain from the intermediates OPC-8:0 
or OPC-6:0 produced from OPDA or dn-OPDA (Vick and Zimmernan, 1983). Prior to entry 
into the β-oxidation reactions, the carboxylic group of OPC-8:0 or OPC-6:0 must activate as a 
CoA ester. Arabidopsis possesses an acyl-activating superfamily containing 63 different 
genes, whose proteins are potential acyl-activating enzymes (AAEs) (Shockey et al., 2003). 
Within this superfamily, a subgroup, called the 4-coumarate:CoA ligase (4CL)-like family, 
contains 13 members shown to possess peroxisomal acyl-activating activity involved in the 
biosynthesis of jasmonic acid (Koo et al., 2006).  One of these 13 genes, At1g20510 was 
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confirmed as an OPC-activating enzyme, designated OPCL1 (OPC-8:CoA ligase 1) (Koo et 
al., 2006).  Loss-of-function mutants for OPCL1 hyper-accumulate OPC-8:0, OPC-6:0, and 
OPC-4:0, suggesting a metabolic block in OPC-CoA ester formation. The mutants are also 
compromised in wound-induced JA accumulation. However, about 50% of wild-type levels 
remain in the mutants indicating that OPCL1 is responsible for only part of the wound-
induced JA production, and that additional acyl-CoA synthetases may be involved in OPC-
8:0-activation (Koo et al., 2006). Another two 4CL-like proteins At4g05160 and At5g63380, 
were selected as acyl-CoA synthetases for JA biosynthesis. The recombinant At4g05160 
protein showed, in vitro, a distinct activity with broad substrate specificity including, 
medium-chain fatty acids, long-chain fatty acids, as well as, OPDA and OPC-8:0. The closest 
paralogue of At4g05160, At5g63380, showed high activity with long-chain fatty acids and 
OPDA (Schneider et al., 2005), suggesting OPDA-CoA could function as substrate for OPR3 
to form OPC-CoA, the substrate of β-oxidation.   

Peroxisomal β-oxidation (Figure 6) of JA biosynthesis is catalyzed by three proteins (1) acyl-
CoA oxidase (ACX), (2) the multifunctional protein (MFP) which exhibits 2-trans-enoyl-CoA 
hydratase, L-3-hydroxyacyl-CoA dehydrogenase, D-3-hydroxyacyl-CoA epimerase and Δ3, 
Δ2-enoyl-CoA isomerase activities, and (3) L-3-ketoacyl-CoA thiolase (KAT) (Schaller et al., 
2004). The first ACX gene, named ACX1A was isolated from tomato. ACX1A was shown to 
catalyze the first step in the peroxisomal beta-oxidation stage of JA biosynthesis (Li et al., 
2005). Recombinant ACX1A exhibited a preference for C12 and C14 straight-chain acyl-
CoAs and also was active in the metabolism of cyclopentanoid-CoA precursors of JA (Li et 
al., 2005). acx1 tomato mutant produced very little JA in wounded leaves (for 1-hour wound, 
5% of wild type) and impaired in wound-induced defense gene activation and insect 
resistance (Li et al., 2005). Arabidopsis genome contains six ACX genes, designated ACX1 to 
ACX6 (Rylott et al., 2003). acx1 mutant of Arabidopsis produced 20% of JA production in 
wild type while acx1/5 double mutant showed severe JA deficiency symptoms including 
impaired male fertility and susceptible to leaf-chewing insect (Schilmiller et al., 2007). For 
MFP roles in JA biosynthesis Arabidopsis aim1 mutant, in which one of two MFP i.e. MFP2 
is disrupted, showed impairment in wound-induced JA accumulation and defensive gene 
expression (Delker et al., 2007). In tobacco a similar result was obtained, that is, a stress-
responsive MFP orthologous to Arabidopsis AIM1 are involved in β-oxidation (Ohya et al., 
2008). Among five KAT genes in Arabidopsis, KAT2 was shown to play a major role in 
driving wound-activated responses by participating in the biosynthesis of JA in wounded 
leaves (Castillo et al., 2004). The final step of JA biosynthesis is that jasmonyl-CoA releases 
free acid by jasmonyl-thioesterase. There is no report of cloning of jasmonyl-thioesterase in 
plant so far except that in Arabidopsis two peroxyisomal acyl-thioesterases, ACH1 and ACH2 
have showed thioesterase activity of hydrolyzing both medium and long-chain fatty acyl-
CoAs but not jasmonyl-CoA (Tilton et al., 2004).  

2.11. Carboxyl methyltransferase (JMT) 

The floral scent methyl jasmonate (MeJA) has been identified as a vital cellular regulator 
that mediates diverse developmental processes and defense responses against biotic and 
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abiotic stresses (Cheong and Choi, 2003). The enzyme converting JA to methyl jasmonates 
(MeJA) is JA carboxyl methyltransferase (JMT), which was first cloned and characterized 
from Arabidopsis (Seo et al., 2001). As JMT does not carry any transit signal peptides, it is 
presumably a cytoplasmic enzyme (Seo et al., 2001). JMT is constitutively expressed in 
almost all the organs of mature plants, but not in young seedling (Seo et al., 2001), indicating 
young plant avoids to produce MeJA. However, JMT can be induced by both wounding and 
MeJA treatment (Seo et al., 2001). Transgenic Arabidopsis overexpressing JMT exhibited 
constitutive expression of jasmonate-responsive genes, including VSP and PDF1.2, and 
enhanced level of resistance against the virulent fungus Botrytis cinerea (Seo et al., 2001), 
indicating JMT is a key enzyme for airborne-jasmonate-regulated plant responses.   

2.12. JA-amino acid synthetase (JAR1) 

Since jasmonoyl-L-isoleucine (JA-Ile) is the only one bioactive ligand, known so far, 
involving in JA signaling, JAR1 (JASMONATE RESISTANT 1), a JA amino acid synthetase 
that conjugates isoleucine to JA (Staswick and Tiryaki, 2004), was assumed a most important 
JA derivation enzyme in plants. Recent studies indicate JA-Ile promotes binding of the JAZ 
proteins to SCFCOI1 complexes and results in subsequent degradation of JAZ by the 
ubiquitination/26S-proteasomes (Thines et al., 2007). JAR1 is one of 19 closely related 
Arabidopsis genes that are similar to the auxin-induced soybean GH3 gene family (Staswick 
et al., 2002). Analysis of fold-predictions for this protein family suggested that JAR1 might 
belong to the acyl adenylate-forming firefly luciferase superfamily. These enzymes activate 
the carboxyl groups of a variety of substrates including JA, indole-3-acetic acid (IAA) and 
salicylic acid (SA) for their subsequent biochemical modification (Staswick et al., 2002), 
thereby regulating hormone activity. The first jar1 mutant was identified that affected 
signaling in the jasmonate pathway. jar1 plants have reduced sensitivity to root growth 
inhibition in the presence of exogenous JA ( Staswick et al., 2002). jar1 was shown to be 
susceptible to soil oomycete (Staswick et al., 1998) and necrotrophic pathogens (Antico et al., 
2012).  In wounding JAR1 transcript was found increased dramatically in wounded tissue 
and JA–Ile accumulated mostly near the wound site with a minor increase in unwounded 
tissue (Suza and Staswick, 2008). However, the reduced accumulation of JA–Ile had little or 
no effect on several jasmonate-dependent wound-induced genes such as VSP2, for LOX2, 
PDF1.2, WRKY33, TAT3 and CORI3. Morphologically, jar1 mutation is male fertile while JA 
biosynthesis and signaling mutants are male sterile (Suza and Staswick, 2008). 

2.13. JA Biosynthesis Regulation 

The levels of jasmonic acid in plants vary with developmental stage, organs, and are 
variable in response to different environmental stimuli (Creelman and Mullet, 1995). High 
levels of jasmonates are found in flowers, pericarp tissues of developing fruit, and in the 
chloroplasts of illuminated plants; Jasmonate levels increase rapidly in response to 
mechanical perturbations such as tendril coiling and when plants suffer wounding 
(Creelman and Mullet, 1995). There are several strategies applicable for plants to regulate 
generation or activities of jasmontes. The first strategy is to regulate the expression of the 
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enzymes in JA biosynthesis pathway. Many studies show that most enzyme genes for JA 
biosynthesis such as LOX, AOS, AOC, OPR3, JMT and JRA1 are induced by JA treatment 
(Wasternack, 2007) or wounding (Schaller, 2001), implying that JA biosynthesis is a JA-
dependent process in plants. Monitoring of MeJA-responsive genes in Arabidopsis by cDNA 
microarrays also concluded that JA biosynthesis is regulated by a positive feedback loop 
(Sasaki et al., 2001). Further evidence for this conclusion has come from mutants with 
constitutively up-regulated JA levels such as cev1 and fou2. These mutants showed typical 
phenotypes associated with exogenous JA treatment such as roots/shoots growth inhibition, 
anthocyanin accumulation in the leaves, and over-expression of JA-dependent genes (Ellis 
and Turner, 2001; Bonaventure et al., 2007). However, the expression levels of JA 
biosynthetic enzymes do not determine the actual output of JA biosynthesis in limited 
substrate conditions. The second strategy for JA biosynthesis regulation is controlling the 
substrate availability. For example, the fully expanded leaves of Arabidopsis carry LOX, AOS, 
and AOC proteins abundantly; however, JA formation is at a substantially low level. JA 
production rapidly occurs only upon strong external stimuli such as wounding, which 
largely induces JA biosynthesis enzymes and releases the substrate LA from the membranes 
(Stenzel et al., 2003). Furthermore, wound induction of JA is transient and appears before 
the expression induction of LOX, AOS, and AOC genes (Howe et al., 2000). These data 
clearly show that JA biosynthesis is regulated by enzyme activities and substrate 
availability. The third strategy of JA biosynthesis regulation is to store or reuse 
intermediates or conjugates of jasmonate in case of over-produced or quick release release is 
required for healing in situation of insect or pathogen attacks. Recently, esterified OPDA 
was found in galactolipids (monogalactosyldiacylglycerol, MGDG and 
digalactosyldiacylglycerol, DGDG) (Stelmach et al., 2001). A novel oxylipin category, so-
called arabidopsides A, B, C, D, E, F, G and F (Figure 4) were found containing OPDA 
and/or dino-OPDA (Hisamatsu et al., 2003; Hisamatsu, 2005). These compounds could 
accumulate to 7-8% of total lipids in plants if challenged by pathogens (Anderson et al., 
2006). In addition, JA derivatives including jasmonyl-amino acids such as JA-Ile (jasmonoyl-
isoleucine), JA-Leu (jasmonoyl-leucine), and JA-Val (jasmonoyl-valine) and jasmonyl-ACC 
(1-amino- cyclopropane-1-carboxylic acid) conjugates are present and all, except JA-Ile, are 
considered storage forms of jasmonates in plants (Staswick et al., 2002).  

3. JA perception and signaling pathway  

3.1. Bioactive JA forms and JA signaling ligand 

The initial product (+)-7-iso-JA, synthesized in peroxisomes epimerizes simultaneously to a 
more thermo-stable trans configuration, (-)-JA, which is generally known as jasmonic acid 
(JA) (Wasternack, 2007; Creelman and Mullet, 1997). Both (-)-JA and (+)-7-iso-JA are 
bioactive but the former is more active (Wasternack, 2007). JA can convert into a number of 
derivatives and conjugates (Figure 5). The JA precursor OPDA, the free acid and methyl 
ester of JA, i.e., JA and MeJA, and conjugates JA-Ile and JA-trp (jasmonyl-L-tryptophan) are 
assumed the most active JA forms in plants (Fonseca ea al., 2009). However, in COI1-JAZ 
(Coronatine Insensitive 1 and Jasmonate ZIM-domain-containing protein, respectively) 
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abiotic stresses (Cheong and Choi, 2003). The enzyme converting JA to methyl jasmonates 
(MeJA) is JA carboxyl methyltransferase (JMT), which was first cloned and characterized 
from Arabidopsis (Seo et al., 2001). As JMT does not carry any transit signal peptides, it is 
presumably a cytoplasmic enzyme (Seo et al., 2001). JMT is constitutively expressed in 
almost all the organs of mature plants, but not in young seedling (Seo et al., 2001), indicating 
young plant avoids to produce MeJA. However, JMT can be induced by both wounding and 
MeJA treatment (Seo et al., 2001). Transgenic Arabidopsis overexpressing JMT exhibited 
constitutive expression of jasmonate-responsive genes, including VSP and PDF1.2, and 
enhanced level of resistance against the virulent fungus Botrytis cinerea (Seo et al., 2001), 
indicating JMT is a key enzyme for airborne-jasmonate-regulated plant responses.   

2.12. JA-amino acid synthetase (JAR1) 

Since jasmonoyl-L-isoleucine (JA-Ile) is the only one bioactive ligand, known so far, 
involving in JA signaling, JAR1 (JASMONATE RESISTANT 1), a JA amino acid synthetase 
that conjugates isoleucine to JA (Staswick and Tiryaki, 2004), was assumed a most important 
JA derivation enzyme in plants. Recent studies indicate JA-Ile promotes binding of the JAZ 
proteins to SCFCOI1 complexes and results in subsequent degradation of JAZ by the 
ubiquitination/26S-proteasomes (Thines et al., 2007). JAR1 is one of 19 closely related 
Arabidopsis genes that are similar to the auxin-induced soybean GH3 gene family (Staswick 
et al., 2002). Analysis of fold-predictions for this protein family suggested that JAR1 might 
belong to the acyl adenylate-forming firefly luciferase superfamily. These enzymes activate 
the carboxyl groups of a variety of substrates including JA, indole-3-acetic acid (IAA) and 
salicylic acid (SA) for their subsequent biochemical modification (Staswick et al., 2002), 
thereby regulating hormone activity. The first jar1 mutant was identified that affected 
signaling in the jasmonate pathway. jar1 plants have reduced sensitivity to root growth 
inhibition in the presence of exogenous JA ( Staswick et al., 2002). jar1 was shown to be 
susceptible to soil oomycete (Staswick et al., 1998) and necrotrophic pathogens (Antico et al., 
2012).  In wounding JAR1 transcript was found increased dramatically in wounded tissue 
and JA–Ile accumulated mostly near the wound site with a minor increase in unwounded 
tissue (Suza and Staswick, 2008). However, the reduced accumulation of JA–Ile had little or 
no effect on several jasmonate-dependent wound-induced genes such as VSP2, for LOX2, 
PDF1.2, WRKY33, TAT3 and CORI3. Morphologically, jar1 mutation is male fertile while JA 
biosynthesis and signaling mutants are male sterile (Suza and Staswick, 2008). 

2.13. JA Biosynthesis Regulation 

The levels of jasmonic acid in plants vary with developmental stage, organs, and are 
variable in response to different environmental stimuli (Creelman and Mullet, 1995). High 
levels of jasmonates are found in flowers, pericarp tissues of developing fruit, and in the 
chloroplasts of illuminated plants; Jasmonate levels increase rapidly in response to 
mechanical perturbations such as tendril coiling and when plants suffer wounding 
(Creelman and Mullet, 1995). There are several strategies applicable for plants to regulate 
generation or activities of jasmontes. The first strategy is to regulate the expression of the 
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enzymes in JA biosynthesis pathway. Many studies show that most enzyme genes for JA 
biosynthesis such as LOX, AOS, AOC, OPR3, JMT and JRA1 are induced by JA treatment 
(Wasternack, 2007) or wounding (Schaller, 2001), implying that JA biosynthesis is a JA-
dependent process in plants. Monitoring of MeJA-responsive genes in Arabidopsis by cDNA 
microarrays also concluded that JA biosynthesis is regulated by a positive feedback loop 
(Sasaki et al., 2001). Further evidence for this conclusion has come from mutants with 
constitutively up-regulated JA levels such as cev1 and fou2. These mutants showed typical 
phenotypes associated with exogenous JA treatment such as roots/shoots growth inhibition, 
anthocyanin accumulation in the leaves, and over-expression of JA-dependent genes (Ellis 
and Turner, 2001; Bonaventure et al., 2007). However, the expression levels of JA 
biosynthetic enzymes do not determine the actual output of JA biosynthesis in limited 
substrate conditions. The second strategy for JA biosynthesis regulation is controlling the 
substrate availability. For example, the fully expanded leaves of Arabidopsis carry LOX, AOS, 
and AOC proteins abundantly; however, JA formation is at a substantially low level. JA 
production rapidly occurs only upon strong external stimuli such as wounding, which 
largely induces JA biosynthesis enzymes and releases the substrate LA from the membranes 
(Stenzel et al., 2003). Furthermore, wound induction of JA is transient and appears before 
the expression induction of LOX, AOS, and AOC genes (Howe et al., 2000). These data 
clearly show that JA biosynthesis is regulated by enzyme activities and substrate 
availability. The third strategy of JA biosynthesis regulation is to store or reuse 
intermediates or conjugates of jasmonate in case of over-produced or quick release release is 
required for healing in situation of insect or pathogen attacks. Recently, esterified OPDA 
was found in galactolipids (monogalactosyldiacylglycerol, MGDG and 
digalactosyldiacylglycerol, DGDG) (Stelmach et al., 2001). A novel oxylipin category, so-
called arabidopsides A, B, C, D, E, F, G and F (Figure 4) were found containing OPDA 
and/or dino-OPDA (Hisamatsu et al., 2003; Hisamatsu, 2005). These compounds could 
accumulate to 7-8% of total lipids in plants if challenged by pathogens (Anderson et al., 
2006). In addition, JA derivatives including jasmonyl-amino acids such as JA-Ile (jasmonoyl-
isoleucine), JA-Leu (jasmonoyl-leucine), and JA-Val (jasmonoyl-valine) and jasmonyl-ACC 
(1-amino- cyclopropane-1-carboxylic acid) conjugates are present and all, except JA-Ile, are 
considered storage forms of jasmonates in plants (Staswick et al., 2002).  

3. JA perception and signaling pathway  

3.1. Bioactive JA forms and JA signaling ligand 

The initial product (+)-7-iso-JA, synthesized in peroxisomes epimerizes simultaneously to a 
more thermo-stable trans configuration, (-)-JA, which is generally known as jasmonic acid 
(JA) (Wasternack, 2007; Creelman and Mullet, 1997). Both (-)-JA and (+)-7-iso-JA are 
bioactive but the former is more active (Wasternack, 2007). JA can convert into a number of 
derivatives and conjugates (Figure 5). The JA precursor OPDA, the free acid and methyl 
ester of JA, i.e., JA and MeJA, and conjugates JA-Ile and JA-trp (jasmonyl-L-tryptophan) are 
assumed the most active JA forms in plants (Fonseca ea al., 2009). However, in COI1-JAZ 
(Coronatine Insensitive 1 and Jasmonate ZIM-domain-containing protein, respectively) 
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binding experiments JA-Ile rather than OPDA, JA, and MeJA can promote COI1-JAZ 
binding, indicating only JA-Ile is the direct JA signaling ligand in plants (Thines et al, 2007). 
The trans configuration, (-)-JA-L-isoleucine was demonstrated to be the active molecule 
form of JA for COI1-JAZ binding (Thines et al, 2007). However, the recent study showed 
that (+)-7-iso-JA-L-Ile, which is also structurally more similar to coronatine, is highly active. 
The previously proposed active form (-)-JA-L-Ile, which contains a small amount of the C7 
epimer (+)-7-iso-JA-L-Ile, if purified, is inactive (Fonseca ea al., 2009). In summary, currently 
(+)-7-iso-JA-L-Ile is the only proven ligand for JA signaling in plants.  

3.2. Ubiquitination-based JA receptor: COI1-JAZ complex 

Critical to comprehending hormonal control of development and defense events is the 
understanding of hormone perception. In the past decades, several mechanisms of plant 
hormone perception have been elucidated (Spartz and Gray, 2008; Chow and MeCourt, 
2006). Cytokinins (CK) and ethylene were found to be perceived by two-component-based 
hormone receptors while brassinosteroids (BR) by leucine-rich repeat (LRR)-based hormone 
receptors (Chow and MeCourt, 2006) and ABA (abscisic acid) by nuclear RCAR/PYR1/PYL–
PP2C complexes (Raghavendra et al, 2010). More recently, auxin, JA, GA (gibberellic acid), 
and SA (salicylic acid) are found to be perceived by nuclear SCFTIR1, SCFCOI1, SCFDELLA, and 
SCFNPR complexes respectively (Chow and MeCourt, 2006; Lumba et al., 2010; Fu et al. 2012). 

Early researchers believed that screening for Arabidopsis mutants insensitive to growth 
inhibition by bacterial coronatine, which is structurally analogous to JA and MeJA, would 
result in discovering JA receptor protein(s) in plants. Exhaustive screens identified only the 
alleles of coronatine insensitive 1 (coi1) and jasmonates resistant 1 (jar1), suggesting COI1 and 
JAR1 function in JA perception in plant. However, cloning of COI1 and JAR1 showed that 
COI1 encodes an F-box protein (Xie et al., 1998) and JAR1 an auxin-induced GH3 protein 
(Staswick and Tiryaki, 2004), and neither protein shows homology to known plant receptor 
proteins. The investigators reasoned that COI1, rather than JAR1, is a potential JA-receptor 
or a component of a receptor complex from two lines of evidence. First, coi1 mutant displays 
severe JA signal-phenotypes such as male sterility, defective responses to JA-treatment and 
wounding, and high susceptiblity to insect and necrotrophic pathogens whereas jar1 is 
fertile and only partially defective to JA-treatment and wounding. Secondly, COI1 locus 
encodes an F-box protein which is known to associate with SKP1, Cullin, and Rbx proteins 
to form an E3 ubiquitin ligase, known as the SCF complex. Several SCF complexes in plant 
have been implicated in a number of important processes, for example, SCFTIR1 complex is 
an auxin receptor, implying SCFCOI1 may function as analog of SCFTIR1 for JA signaling. The 
components of SCFCOI1 complex were demonstrated to exist in Arabidopsis and mutations in 
the components of SCF resulted in reduced JA-dependent responses (Xu et al., 2002). Now 
the question becomes: what is the substrate(s) of SCFCOI1 E3 ubiquitin ligase complex? This 
substrate was anticipated to function as a key negative regulator in JA signaling (Turner et 
al., 2002; Browse, 2005). Later, three laboratories simultaneously found the substrates of 
SCFCOI1 complex, which were called JAZ proteins consisting of 12 members in Arabidopsis 
(Chini et al., 2007; Thines et al., 2007; Yan et al., 2007). Bioactive JA forms JA, OPDA, MeJA, 
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and JA-Ile were tested for affinity in COI1-JAZ1 binding. Surprisingly, only JA-Ile 
functioned as ligand for COI1-JAZ interaction (Thines et al., 2007). JA-Ile is a conjugate 
product of JA with isoluecine by JAR1, a JA-amino acid conjugation enzyme similar to 
auxin-responsive GH3 family proteins of soybean (Staswick and Tiryaki, 2004). This 
provided biochemical explination as to why jar1 mutant showed the phenotype ‘JA-
RESISTANT’ and demonstrating JAR1 as a provider of a JA signal rather than a component 
of JA perception machinery in plant. More recently, inositol pentakisphosphate (IP5) was 
found as an existing cofactor of COI1 crystal structure and COI1 protein lacking IP5 lost 
ligand-binding acivity (Sheard et al., 2010).  Based on the information available so far, the 
true jasmonates receptor is a co-repressor complex, consisting of the SCFCOI1 E3 ubiquitin 
ligase complex, JAZ degrons (JAZ1 to JAZ12), and a newly discovered third component, 
inositol pentakisphosphate (IP5) (Sheard et al., 2010).  

3.3. JA Signaling Model: SCFCOI1/JAZ Proteins Imitates SCFTIR1/AUX/IAA 
Proteins 

coi1 is a completely insensitive mutant to JA/coronatine. COI1 was map-cloned and revealed 
as an F-box protein that functions as the substrate-recruiting element of the Skp1–Cul1–F-
box protein (SCF) ubiquitin E3 ligase complex. As described above, JAZ family proteins are 
transcriptional repressors and SCFCOI1 substrate targets, which associate with COI1 in a 
hormone-dependent manner. Recent research established JA signaling model (Figure 7) 
(Chini et al, 2007; Thines et al., 2007; Sheard et al., 2010). In the absence or low level of 
hormone signal, JAZ repressor complex, including JAZ proteins, adaptor protein NINJA, 
and co-repressor TPL, actively repress the activity of JA-responsive transcription factors  

 
Figure 7. Model of JA signaling in Arabidopsis (Browse and Howe, 2008). (A) At low intracellular levels 
of JA signal (JA-Ile), SCFCOI1 complex has no essential activity of E3 ubiquitin ligase, resulting in 
accumulation of JAZ proteins which repress the activity of transcription factors such as MYC2 that 
positively regulate JA-responsive genes. (B) At high level of JA signal such as upon wounding, rapid 
accumulation of bioactive JA-Ile promotes SCFCOI1-mediated ubiquitination and subsequent 
degradation of JAZ proteins via the 26S proteasome. JA-induced removal of JAZ proteins causes 
derepression of transcription factors and the activation of JA-responsive genes.  
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binding experiments JA-Ile rather than OPDA, JA, and MeJA can promote COI1-JAZ 
binding, indicating only JA-Ile is the direct JA signaling ligand in plants (Thines et al, 2007). 
The trans configuration, (-)-JA-L-isoleucine was demonstrated to be the active molecule 
form of JA for COI1-JAZ binding (Thines et al, 2007). However, the recent study showed 
that (+)-7-iso-JA-L-Ile, which is also structurally more similar to coronatine, is highly active. 
The previously proposed active form (-)-JA-L-Ile, which contains a small amount of the C7 
epimer (+)-7-iso-JA-L-Ile, if purified, is inactive (Fonseca ea al., 2009). In summary, currently 
(+)-7-iso-JA-L-Ile is the only proven ligand for JA signaling in plants.  

3.2. Ubiquitination-based JA receptor: COI1-JAZ complex 

Critical to comprehending hormonal control of development and defense events is the 
understanding of hormone perception. In the past decades, several mechanisms of plant 
hormone perception have been elucidated (Spartz and Gray, 2008; Chow and MeCourt, 
2006). Cytokinins (CK) and ethylene were found to be perceived by two-component-based 
hormone receptors while brassinosteroids (BR) by leucine-rich repeat (LRR)-based hormone 
receptors (Chow and MeCourt, 2006) and ABA (abscisic acid) by nuclear RCAR/PYR1/PYL–
PP2C complexes (Raghavendra et al, 2010). More recently, auxin, JA, GA (gibberellic acid), 
and SA (salicylic acid) are found to be perceived by nuclear SCFTIR1, SCFCOI1, SCFDELLA, and 
SCFNPR complexes respectively (Chow and MeCourt, 2006; Lumba et al., 2010; Fu et al. 2012). 

Early researchers believed that screening for Arabidopsis mutants insensitive to growth 
inhibition by bacterial coronatine, which is structurally analogous to JA and MeJA, would 
result in discovering JA receptor protein(s) in plants. Exhaustive screens identified only the 
alleles of coronatine insensitive 1 (coi1) and jasmonates resistant 1 (jar1), suggesting COI1 and 
JAR1 function in JA perception in plant. However, cloning of COI1 and JAR1 showed that 
COI1 encodes an F-box protein (Xie et al., 1998) and JAR1 an auxin-induced GH3 protein 
(Staswick and Tiryaki, 2004), and neither protein shows homology to known plant receptor 
proteins. The investigators reasoned that COI1, rather than JAR1, is a potential JA-receptor 
or a component of a receptor complex from two lines of evidence. First, coi1 mutant displays 
severe JA signal-phenotypes such as male sterility, defective responses to JA-treatment and 
wounding, and high susceptiblity to insect and necrotrophic pathogens whereas jar1 is 
fertile and only partially defective to JA-treatment and wounding. Secondly, COI1 locus 
encodes an F-box protein which is known to associate with SKP1, Cullin, and Rbx proteins 
to form an E3 ubiquitin ligase, known as the SCF complex. Several SCF complexes in plant 
have been implicated in a number of important processes, for example, SCFTIR1 complex is 
an auxin receptor, implying SCFCOI1 may function as analog of SCFTIR1 for JA signaling. The 
components of SCFCOI1 complex were demonstrated to exist in Arabidopsis and mutations in 
the components of SCF resulted in reduced JA-dependent responses (Xu et al., 2002). Now 
the question becomes: what is the substrate(s) of SCFCOI1 E3 ubiquitin ligase complex? This 
substrate was anticipated to function as a key negative regulator in JA signaling (Turner et 
al., 2002; Browse, 2005). Later, three laboratories simultaneously found the substrates of 
SCFCOI1 complex, which were called JAZ proteins consisting of 12 members in Arabidopsis 
(Chini et al., 2007; Thines et al., 2007; Yan et al., 2007). Bioactive JA forms JA, OPDA, MeJA, 
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and JA-Ile were tested for affinity in COI1-JAZ1 binding. Surprisingly, only JA-Ile 
functioned as ligand for COI1-JAZ interaction (Thines et al., 2007). JA-Ile is a conjugate 
product of JA with isoluecine by JAR1, a JA-amino acid conjugation enzyme similar to 
auxin-responsive GH3 family proteins of soybean (Staswick and Tiryaki, 2004). This 
provided biochemical explination as to why jar1 mutant showed the phenotype ‘JA-
RESISTANT’ and demonstrating JAR1 as a provider of a JA signal rather than a component 
of JA perception machinery in plant. More recently, inositol pentakisphosphate (IP5) was 
found as an existing cofactor of COI1 crystal structure and COI1 protein lacking IP5 lost 
ligand-binding acivity (Sheard et al., 2010).  Based on the information available so far, the 
true jasmonates receptor is a co-repressor complex, consisting of the SCFCOI1 E3 ubiquitin 
ligase complex, JAZ degrons (JAZ1 to JAZ12), and a newly discovered third component, 
inositol pentakisphosphate (IP5) (Sheard et al., 2010).  

3.3. JA Signaling Model: SCFCOI1/JAZ Proteins Imitates SCFTIR1/AUX/IAA 
Proteins 

coi1 is a completely insensitive mutant to JA/coronatine. COI1 was map-cloned and revealed 
as an F-box protein that functions as the substrate-recruiting element of the Skp1–Cul1–F-
box protein (SCF) ubiquitin E3 ligase complex. As described above, JAZ family proteins are 
transcriptional repressors and SCFCOI1 substrate targets, which associate with COI1 in a 
hormone-dependent manner. Recent research established JA signaling model (Figure 7) 
(Chini et al, 2007; Thines et al., 2007; Sheard et al., 2010). In the absence or low level of 
hormone signal, JAZ repressor complex, including JAZ proteins, adaptor protein NINJA, 
and co-repressor TPL, actively repress the activity of JA-responsive transcription factors  

 
Figure 7. Model of JA signaling in Arabidopsis (Browse and Howe, 2008). (A) At low intracellular levels 
of JA signal (JA-Ile), SCFCOI1 complex has no essential activity of E3 ubiquitin ligase, resulting in 
accumulation of JAZ proteins which repress the activity of transcription factors such as MYC2 that 
positively regulate JA-responsive genes. (B) At high level of JA signal such as upon wounding, rapid 
accumulation of bioactive JA-Ile promotes SCFCOI1-mediated ubiquitination and subsequent 
degradation of JAZ proteins via the 26S proteasome. JA-induced removal of JAZ proteins causes 
derepression of transcription factors and the activation of JA-responsive genes.  
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(e.g., MYC2), which bind to cis-acting elements of jasmonate-response genes, preventing 
transcription activity. In response to stimuli such as wounding JA-Ile stimulates the specific 
binding of JAZ proteins to COI1, leading to poly-ubiquitination and subsequent degradation 
of JAZs by the 26S proteasome. JAZ degradation relieves repression of MYC2 and other 
transcription factors, permitting the expression of jasmonate-responsive genes such as 
PDF1.2. The role of COI1-mediated JAZ degradation in jasmonate signaling is analogous to 
auxin signaling through the receptor SCFTIR1 complex, which degrades the AUX/IAA 
transcriptional repressors in hormone-dependent manner (Gray et al., 2001; Kepinski and 
Leyser, 2005). Supported by its sequence homology and functional similarity to TIR1, COI1 
is recognized for a critical role in the direct perception of the jasmonate signal (Xie et al., 
1998; Katsir et al., 2008; Sheard et al., 2010). Mimicking AUX/IAA proteins which are 
induced specifically in response to auxin (Gray et al., 2001), JAZ proteins are highly 
inducible by JA/MeJA treatment or wounding (Thines et al., 2007; Chung et al., 2008). 

3.4. Characterization of JA Signaling Repressors: JAZs, NINJA, and TPL 

JAZs proteins were designated as JAZs because they were annotated as ZIM-domain 
containing proteins (ZIM: Zinc-finger protein expressed in Inflorescence Meristem) and 
their expression depends on jasmonates (Chini et al, 2007; Thines et al., 2007). Thines et al., 
(2007) in their study found that eight ZIM-domain containing unknown proteins (JAZs) 
were significantly induced in stamens and seedlings of opr3 mutant after JA application. 
JAZ1 protein, one out of the eight JAZs that were tested for activity as a substrate of SCFCOI1 
complex, acts to repress transcription of jasmonate-responsive genes. Jasmonate treatment 
causes JAZ1 degradation and JA–Ile promotes physical interaction between COI1 and JAZ1 
proteins in the absence of other plant proteins (Thines et al., 2007). Additionally, JAZ1Δ3A, a 
mutant with distruption of conserved domain 3A (i.e., Jas domain in Yan et al., 2007) shows 
typical JA-signaling phenotypes such as male sterility and root growth insensitivity to JA 
(Thines et al., 2007). In a separate study, Chini et al., (2007) characterized the mutant 
jasmonate-insensitive3-1 (jai3-1) they identified in a genetic screen for JA-insensitivity. 
Positional cloning of the jai3-1 mutation revealed that a base substitution in JAI3 results in a 
truncated protein that causes a jasmonate-insensitive phenotype and impaired 
transcriptional responses to jasmonate (Chini et al., 2007). jai3-1 is a dominant mutant with a 
missing conserved CT/Jas domain of JAI3, which encodes JAZ3.,This mutant showed some 
JA-deficiency phenotypes such as root growth insensitivity to JA treatment (Chini et al., 
2007). In the third independent study, Yan et al. (2007) profiled the transriptome depletion 
of aos mutant compared to wild type and identified 35 JA-dependent genes responsible for 
JA signaling depletion in aos mutant. Three of these genes encode ZIM-domain containing 
proteins. Overexpression of a predicted alternatively spliced transcript At5g13220.3, called 
Jasmonate-Associated 1 (JAS1, identical to JAZ10), resulted in reduced sensitivity to MeJA and 
elevated growth of roots and shoots under MeJA treatment (Yan et al., 2007). In total, 12 JAZ 
genes (Figure 8) have been identified so far in Arabidopsis (Chini et al., 2007; Yan et al., 2007; 
Browse, 2009). All are believed to have redundant function in JA signaling pathway as 
transcription repressors (Chini et al., 2007). The gene family of ZIM-domain containing 
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proteins is also known as TIFY family (Vanholme et al., 2007). 12 of 18 TIFY proteins are 
JAZs. The functions of the remaining TIFYs are unknown, except PPD1 and PPD2, which 
showed, to additively repress the proliferation of dispersed meristematic cells (DMCs) in 
leaves (Pauwels and Goossens, 2011).  

The first prominent characteristic of JAZ proteins is that they possess two domains, ZIM and 
Jas domains, and both are important for JAZs function (Thines et al., 2007). The former may 
have two biochemical roles in vivo. 1) JAZ1ΔJas and JAZ3ΔJas can not be degraded by 
SCFCOI1 complex plus 26S proteasome but still can suppress JA signaling, indicating JAZ 
may interact with MYC2 via the first conserved domain ZIM (Chini et al., 2007; Thines et al., 
2007).  2) ZIM domains are responsible for homo- and hetero dimerization (Chini et al., 2009; 
Chung and Howe, 2009). All JAZs except JAZ7 are prone to form homo-/hetero-dimers 
(Pauwels and Goossens, 2011). The biological meaning of JAZ dimerization in vivo remains 
elusive but extensive dimerization of JAZs or JAZ with other proteins such as MYC2 and 
NINJA may help to establish insensitivity to SCFCOI1 E3 ubiquitin ligase in the situation of 
low JA signal. The second prominent feature of JAZs is “logically-paradoxical”; most JAZ 
genes are highly induced upon JA treatment or by wounding in JA-dependent manner 
(Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) but, on the other hand, JAZ proteins 
are degraded during activated signaling (Chini et al., 2007; Thines et al., 2007). Similarly, 
AUX/IAA proteins have the same paradoxical feature, that is, AUX/IAA genes are induced 
by auxin but the proteins disappear rapidly (Abel et al., 1994). The third important feature of 
JAZ genes is that several splice-variant transcripts of single JAZ gene exist naturally in 
plants (Figure 9). For example, JAZ10 has four alternative splice variants and three of them, 
At5g13220.2, At5g13220.3, and At5g13220.4 encode stable JAZΔJas isomers, which attenuate 
JA signal output (Yan et al., 2007 Chung and Howe, 2009). 

 
Figure 8. The structures and phylogeny of Arabidopsis ZIM-Domain containing proteins JAZs. ZIM 
domain and Jas domain are shown in yellow and pink bars, respectively (Browse, 2009). 
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1998; Katsir et al., 2008; Sheard et al., 2010). Mimicking AUX/IAA proteins which are 
induced specifically in response to auxin (Gray et al., 2001), JAZ proteins are highly 
inducible by JA/MeJA treatment or wounding (Thines et al., 2007; Chung et al., 2008). 
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JAZs proteins were designated as JAZs because they were annotated as ZIM-domain 
containing proteins (ZIM: Zinc-finger protein expressed in Inflorescence Meristem) and 
their expression depends on jasmonates (Chini et al, 2007; Thines et al., 2007). Thines et al., 
(2007) in their study found that eight ZIM-domain containing unknown proteins (JAZs) 
were significantly induced in stamens and seedlings of opr3 mutant after JA application. 
JAZ1 protein, one out of the eight JAZs that were tested for activity as a substrate of SCFCOI1 
complex, acts to repress transcription of jasmonate-responsive genes. Jasmonate treatment 
causes JAZ1 degradation and JA–Ile promotes physical interaction between COI1 and JAZ1 
proteins in the absence of other plant proteins (Thines et al., 2007). Additionally, JAZ1Δ3A, a 
mutant with distruption of conserved domain 3A (i.e., Jas domain in Yan et al., 2007) shows 
typical JA-signaling phenotypes such as male sterility and root growth insensitivity to JA 
(Thines et al., 2007). In a separate study, Chini et al., (2007) characterized the mutant 
jasmonate-insensitive3-1 (jai3-1) they identified in a genetic screen for JA-insensitivity. 
Positional cloning of the jai3-1 mutation revealed that a base substitution in JAI3 results in a 
truncated protein that causes a jasmonate-insensitive phenotype and impaired 
transcriptional responses to jasmonate (Chini et al., 2007). jai3-1 is a dominant mutant with a 
missing conserved CT/Jas domain of JAI3, which encodes JAZ3.,This mutant showed some 
JA-deficiency phenotypes such as root growth insensitivity to JA treatment (Chini et al., 
2007). In the third independent study, Yan et al. (2007) profiled the transriptome depletion 
of aos mutant compared to wild type and identified 35 JA-dependent genes responsible for 
JA signaling depletion in aos mutant. Three of these genes encode ZIM-domain containing 
proteins. Overexpression of a predicted alternatively spliced transcript At5g13220.3, called 
Jasmonate-Associated 1 (JAS1, identical to JAZ10), resulted in reduced sensitivity to MeJA and 
elevated growth of roots and shoots under MeJA treatment (Yan et al., 2007). In total, 12 JAZ 
genes (Figure 8) have been identified so far in Arabidopsis (Chini et al., 2007; Yan et al., 2007; 
Browse, 2009). All are believed to have redundant function in JA signaling pathway as 
transcription repressors (Chini et al., 2007). The gene family of ZIM-domain containing 
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proteins is also known as TIFY family (Vanholme et al., 2007). 12 of 18 TIFY proteins are 
JAZs. The functions of the remaining TIFYs are unknown, except PPD1 and PPD2, which 
showed, to additively repress the proliferation of dispersed meristematic cells (DMCs) in 
leaves (Pauwels and Goossens, 2011).  

The first prominent characteristic of JAZ proteins is that they possess two domains, ZIM and 
Jas domains, and both are important for JAZs function (Thines et al., 2007). The former may 
have two biochemical roles in vivo. 1) JAZ1ΔJas and JAZ3ΔJas can not be degraded by 
SCFCOI1 complex plus 26S proteasome but still can suppress JA signaling, indicating JAZ 
may interact with MYC2 via the first conserved domain ZIM (Chini et al., 2007; Thines et al., 
2007).  2) ZIM domains are responsible for homo- and hetero dimerization (Chini et al., 2009; 
Chung and Howe, 2009). All JAZs except JAZ7 are prone to form homo-/hetero-dimers 
(Pauwels and Goossens, 2011). The biological meaning of JAZ dimerization in vivo remains 
elusive but extensive dimerization of JAZs or JAZ with other proteins such as MYC2 and 
NINJA may help to establish insensitivity to SCFCOI1 E3 ubiquitin ligase in the situation of 
low JA signal. The second prominent feature of JAZs is “logically-paradoxical”; most JAZ 
genes are highly induced upon JA treatment or by wounding in JA-dependent manner 
(Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) but, on the other hand, JAZ proteins 
are degraded during activated signaling (Chini et al., 2007; Thines et al., 2007). Similarly, 
AUX/IAA proteins have the same paradoxical feature, that is, AUX/IAA genes are induced 
by auxin but the proteins disappear rapidly (Abel et al., 1994). The third important feature of 
JAZ genes is that several splice-variant transcripts of single JAZ gene exist naturally in 
plants (Figure 9). For example, JAZ10 has four alternative splice variants and three of them, 
At5g13220.2, At5g13220.3, and At5g13220.4 encode stable JAZΔJas isomers, which attenuate 
JA signal output (Yan et al., 2007 Chung and Howe, 2009). 

 
Figure 8. The structures and phylogeny of Arabidopsis ZIM-Domain containing proteins JAZs. ZIM 
domain and Jas domain are shown in yellow and pink bars, respectively (Browse, 2009). 
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The molecular mechanism by which JAZ proteins repress downstream gene expression is 
unknown. Pauwels et al. (2010) reported a mechanism that JAZ proteins co-repress JA signal 
by recruiting the Groucho/Tup1-type co-repressor TOPLESS (TPL) and TPL-related proteins 
(TPRs) through a newly characterized adaptor protein, designated Novel Interactor of JAZ 
(NINJA). NINJA acts as a transcriptional repressor whose activity is mediated by a 
functional TPL-binding motif EAR (ERF-associated amphiphilic repression).  Accordingly, 
both NINJA and TPL proteins function as negative regulators of JA response (Pauwels et al., 
2010). 
 

Protein Name Protein # Sequence of ZIM domain Sequence of Jas domain 

JAZ1 At1g19180.1  PLTIFYAGQVIVFNDFSAEKAKEVINLA PIARRASLHRFLEKRKDRVTSKAPY 

 At1g19180.2  PLTIFYAGQVIVFNDFSAEKAKEVINLA PIARRASLHRFLEKRKDRVTSKAPY 

JAZ2 At1g74950.1  PLTIFYGGRVMVFDDFSAEKAKEVIDLA PIARRASLHRFLEKRKDRITSKAPY 

JAZ3 At3g17860.1  QLTIFYAGSVCVYDDISPEKAKAIMLLA PLARKASLARFLEKRKERVTSVSPY 

 At3g17860.2  QLTIFYAGSVCVYDDISPEKAKAIMLLA PLARKASLARFLEKRKERVTSVSPY 

 At3g17860.3  QLTIFYAGSVCVYDDISPEKAKAIMLLA PLARKASLARFLEKRKERVTSVSPY 

JAZ4 At1g48500.1 QLTIFYAGSVLVYQDIAPEKAQAIMLLA PQTRKASLARFLEKRKERVINVSPY 

 At1g48500.2 QLTIFYAGSVLVYQDIAPEKAQAIMLLA PQTRKASLARFLEKRKERY* 

 At1g48500.3 QLTIFYAGSVLVYQDIAPEKAQAIMLLA PQTRKASLARFLEKRKERY* 

JAZ5 At1g17380.1  LTIFFGGKVLVYNEFPVDKAKEIMEVA RIARRASLHRFFAKRKDRAVARAPY 

JAZ6 At1g72450.1  QLTIFFGGKVMVFNEFPEDKAKEIMEVA  RIARRASLHRFFAKRKDRAVARAPY 

JAZ7 At2g34600.1  ILTIFYNGHMCVSSDLTHLEANAILSLA KASMKRSLHSFLQKRSLRIQATSPY 

JAZ8 At1g30135.1  RITIFYNGKMCFSSDVTHLQARSIISIA KASMKKSLQSFLQKRKIRIQATSPY 

JAZ9 At1g70700.1 QLTIFYGGTISVFNDISPDKAQAIMLCA PQARKASLARFLEKRKERLMSAMPY 

 At1g70700.2 QLTIFYGGTISVFNDISPDKAQAIMLCA PQARKASLARFLEKRKERLMSAMPY 

JAZ10 At5g13220.1  MTIFYNGSVSVFQVSRNKAGEIMKVA PIARRKSLQRFLEKRKERLVSTSPY 

 At5g13220.2  MTIFYNGSVSVFQVSRNKAGEIMKVA PIARRKSLQRFLEKRKER* 

 At5g13220.3  MTIFYNGSVSVFQVSRNKAGEIMKVA PIARRKSLQRFLEKRKER* 

 At5g13220.4 MTIFYNGSVSVFQVSRNKAGEIMKVA * 

JAZ11 At3g43440.1 QLTIIFGGSFSVFDGIPAEKVQEILHIA PIARRRSLQRFFEKRRHRFVHTKPY 

 At3g43440.2 -------------------GVPAQKVQEILHIA PIARRRSLQRFFEKRRHRFVHTKPY 

JAZ12 At5g20900.1 QLTIFFGGSVTVFDGLPSEKVQEILRIA PIARRHSLQRFLEKRRDRLVNKNPY 

 At5g20900.2 QLTIIFGGSCRVFNGVPAQKVQEILHIA PIARRRSLQRFFEKRRHRFVHTKPY 

Figure 9. The sequences of ZIM and Jas domains in the transcripts of JAZs (Yan et al., 2007) 

3.5. JAZ proteins control the MYC-type transcription factors activity 

Transcription factors dependent on JA signal are supposed to be the key components for 
JA signaling pathway. Up to date, MYC2 is the only transcription factor known to interact 
directly with JAZ proteins. According to the current model of JA signaling (Figure 7), 
MYC2 is the most important transcription factor to activate transcription of the early JA-
responsive genes including downstream transcription factors (such as WRKYs, MYBs, and 
AP2/ERFs), JA biosynthesis genes, and JAZ proteins (Lorenzo et al., 2004; Chini et al., 

 
Jasmonate Biosynthesis, Perception and Function in Plant Development and Stress Responses 415 

2007; Chung and Howe, 2009). MYC2 was identified as a key regulator of JA signaling, 
acting as a basic helix-loop-helix (bHLH, also called MYC) transcription factor for JA 
signal transduction. MYC2 was map-cloned from jai1 (jasmonate-insensitive 1) mutant 
mutant (Lorenzo et al., 2004), which is allelic to the previously characterized mutant jin1 
(methyl jasmonate-insensitive 1) (Berger et al., 1996). MYC2 differentially regulates two 
branches of JA-mediated responses. That is, it positively regulates a wound-responsive 
gene set, including VSP2, LOX3, and TAT, but represses the expression of a pathogen-
responsive gene set such as PR4, PR1, and PDF1.2 (Lorenzo et al., 2004). Interestingly, the 
ethylene-responsive transcription factor ERF1 also co-regulated these two gene sets, but in 
opposite direction, i.e., ERF1 activated pathogen-responsive genes but represses wound-
responsive genes (Lorenzo et al., 2004).  

In Arabidopsis, there are 133 bHLH genes, constituting one of the largest families of 
transcription factors (Heim et al., 2003). Based on the amino acid sequence similarity of both 
the entire protein and of the bHLH domain, Arabidopsis bHLH proteins are divided into 12 
major groups and 25 subgroups (Heim et al., 2003). MYC2 is a member of the subgroup IIIe, 
along with MYC3 (At5g46760), MYC4 (At4g17880), and MYC5 (At5g46830) (Heim et al., 
2003). In contrast to severe JA-synthesis and JA-perception mutants such as aos and coi1, 
myc2 plants are male-fertile and only partially defense-compromised (Lorenzo et al., 2004). 
This indicates that other JAZ-interacting transcription factors activate the expression of early 
JA-responsive genes following JA-mediated ubiquitination-proteasomal removal of JAZ 
repressors. The close paralogues MYC3 and MYC4, but not MYC5, showed to interact with 
JAZ1, JAZ3, and JAZ9 proteins in both pull-down and yeast two-hybrid assays. Although 
myc3 and myc4 loss-of-function mutants did not show an evident JA-related phenotype, the 
triple mutant myc2 myc3 myc4 is as impaired as coi1-1 in the activation of several, but not all, 
JA-mediated responses such as the defense against bacterial pathogens and insect herbivory. 
Moreover, overexpression of cDNAs encoding MYC3 and MYC4 proteins resulted in 
anthocyanin accumulation and higher transcript levels of JA-responsive genes compared to 
wild type. In addition, similar to plants overexpressing MYC2, MYC3 overexpression plants 
were hypersensitive to JA-mediated root growth inhibition. Based on these results, it is 
concluded that in addition to previously characterized MYC2, MYC3 and MYC4 are also 
JAZ-interacting transcription factors that activate JA-responses through SCFCOI1 complex 
plus 26S proteasome (Niu et al., 2011; Brown et al., 2003; Cheng et al., 2011; Fernández-
Calvo et al., 2011). 

3.6. AP2/ERF Transcription Factors Involve in JA Signaling Network 

AP2/ERF transcription factors are considered the second important group of transcription 
factors that belong to a large plant-specific APETALA2/ETHYLENE RESPONSE FACTOR 
(AP2/ERF) superfamily, containing at least 122 members in Arabidopsis (Nakano et al., 2006). 
Many ERF genes have been shown to be regulated by a variety of stress related stimuli, such 
as wounding, JA, ethylene, salicylic acid, or infection by different types of pathogens (Pré et 
al., 2008). Four transcription factors, ERF1, AtERF2, AtERF14, and ORA59, were suggested 
to function as positive regulators involving in JA signing pathway while AtERF4 was 
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The molecular mechanism by which JAZ proteins repress downstream gene expression is 
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(NINJA). NINJA acts as a transcriptional repressor whose activity is mediated by a 
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3.5. JAZ proteins control the MYC-type transcription factors activity 

Transcription factors dependent on JA signal are supposed to be the key components for 
JA signaling pathway. Up to date, MYC2 is the only transcription factor known to interact 
directly with JAZ proteins. According to the current model of JA signaling (Figure 7), 
MYC2 is the most important transcription factor to activate transcription of the early JA-
responsive genes including downstream transcription factors (such as WRKYs, MYBs, and 
AP2/ERFs), JA biosynthesis genes, and JAZ proteins (Lorenzo et al., 2004; Chini et al., 
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2007; Chung and Howe, 2009). MYC2 was identified as a key regulator of JA signaling, 
acting as a basic helix-loop-helix (bHLH, also called MYC) transcription factor for JA 
signal transduction. MYC2 was map-cloned from jai1 (jasmonate-insensitive 1) mutant 
mutant (Lorenzo et al., 2004), which is allelic to the previously characterized mutant jin1 
(methyl jasmonate-insensitive 1) (Berger et al., 1996). MYC2 differentially regulates two 
branches of JA-mediated responses. That is, it positively regulates a wound-responsive 
gene set, including VSP2, LOX3, and TAT, but represses the expression of a pathogen-
responsive gene set such as PR4, PR1, and PDF1.2 (Lorenzo et al., 2004). Interestingly, the 
ethylene-responsive transcription factor ERF1 also co-regulated these two gene sets, but in 
opposite direction, i.e., ERF1 activated pathogen-responsive genes but represses wound-
responsive genes (Lorenzo et al., 2004).  

In Arabidopsis, there are 133 bHLH genes, constituting one of the largest families of 
transcription factors (Heim et al., 2003). Based on the amino acid sequence similarity of both 
the entire protein and of the bHLH domain, Arabidopsis bHLH proteins are divided into 12 
major groups and 25 subgroups (Heim et al., 2003). MYC2 is a member of the subgroup IIIe, 
along with MYC3 (At5g46760), MYC4 (At4g17880), and MYC5 (At5g46830) (Heim et al., 
2003). In contrast to severe JA-synthesis and JA-perception mutants such as aos and coi1, 
myc2 plants are male-fertile and only partially defense-compromised (Lorenzo et al., 2004). 
This indicates that other JAZ-interacting transcription factors activate the expression of early 
JA-responsive genes following JA-mediated ubiquitination-proteasomal removal of JAZ 
repressors. The close paralogues MYC3 and MYC4, but not MYC5, showed to interact with 
JAZ1, JAZ3, and JAZ9 proteins in both pull-down and yeast two-hybrid assays. Although 
myc3 and myc4 loss-of-function mutants did not show an evident JA-related phenotype, the 
triple mutant myc2 myc3 myc4 is as impaired as coi1-1 in the activation of several, but not all, 
JA-mediated responses such as the defense against bacterial pathogens and insect herbivory. 
Moreover, overexpression of cDNAs encoding MYC3 and MYC4 proteins resulted in 
anthocyanin accumulation and higher transcript levels of JA-responsive genes compared to 
wild type. In addition, similar to plants overexpressing MYC2, MYC3 overexpression plants 
were hypersensitive to JA-mediated root growth inhibition. Based on these results, it is 
concluded that in addition to previously characterized MYC2, MYC3 and MYC4 are also 
JAZ-interacting transcription factors that activate JA-responses through SCFCOI1 complex 
plus 26S proteasome (Niu et al., 2011; Brown et al., 2003; Cheng et al., 2011; Fernández-
Calvo et al., 2011). 

3.6. AP2/ERF Transcription Factors Involve in JA Signaling Network 

AP2/ERF transcription factors are considered the second important group of transcription 
factors that belong to a large plant-specific APETALA2/ETHYLENE RESPONSE FACTOR 
(AP2/ERF) superfamily, containing at least 122 members in Arabidopsis (Nakano et al., 2006). 
Many ERF genes have been shown to be regulated by a variety of stress related stimuli, such 
as wounding, JA, ethylene, salicylic acid, or infection by different types of pathogens (Pré et 
al., 2008). Four transcription factors, ERF1, AtERF2, AtERF14, and ORA59, were suggested 
to function as positive regulators involving in JA signing pathway while AtERF4 was 
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identified as a negative regulator for this process (Lorenzo et al., 2003; Oñate-Sánchez et al., 
2007; Pré et al., 2008; McGrath et al., 2005).  

The expression of ERF1 can be activated rapidly by ethylene or jasmonate in wild-type plant 
but not in JA or ethylene (ET) signaling mutants coi1 or ein2 (ethylene insensitive2), suggesting 
ERF1 expression depends on JA and/or ethylene signal. Constitutive overexpression of ERF1 
activates the expression of several defense-related genes, including   PLANT DEFENSIN1.2 
(PDF1.2) and BASIC CHITINASE (ChiB) (Lorenzo et al., 2003), and was shown to confer 
resistance to necrotrophic fungi such as Botrytis cinerea and Plectosphaerella cucumerina 
(Lorenzo et al., 2003). All these results suggest that ERF1 acts downstream of the intersection 
between ethylene and jasmonate pathways and suggest that this transcription factor is a key 
element in the integration of both signals for the regulation of defense response genes 
(Lorenzo et al., 2003). ORA59, a close paralogue of ERF1 in Arabidopsis, has also been shown 
to integrate JA and ET signals in defense responses against B. cinerea. Overexpression line of 
ORA59 showed a severe dwarf phenotype under normal growth conditions, similar to plant 
overexpressing ERF1 (Pré et al., 2008). RNAi-silencing of ORA59 compromises JA- and ET-
induced expression of several defense-related genes such as PDF1.2, HEL, and ChiB (Pré et 
al., 2008). Two more ERF1-like genes, AtERF2 and AtERF14 have shown to behave similarly 
as ERF1 and ORA59. Constitutive overexpression of AtERF2 or AtERF14 causes high levels 
of PDF1.2 and ChiB gene expression in transgenic Arabidopsis plants (Brown et al., 2003; 
Oñate-Sánchez et al., 2007). In contrast to ERF1, ORA59, AtERF2, and AtERF14, AtERF4 
(At3g15210) negatively regulates the expression of PDF1.2 (McGrath et al., 2005). Loss-of-
function mutants of AtERF4 showed impaired induction of defense genes following 
exogenous ET treatment and increased susceptibility to Fusarium oxysporum. Moreover, the 
expression of other ERF genes such as ERF1 and AtERF2 depends on AtERF14 expression 
(McGrath et al., 2005). Collectively, several of members of the ERF family negatively and 
positively control the expression of a number of defense genes mediated by jasmonates. 

3.7. JA-signaling controlling anthocyanin accumulation and trichome 
development via transcription factors WD40/bHLH/R2R3-MYB complex 

Current genetic and physiological evidence shows that JA regulates the activity of “WD-
repeat/bHLH/MYB complex”, which mediates anthocyanin accumulation and trichome 
initiation in a COI1-dependent manner. Overexpression of the MYB transcription factor 
MYB75 and bHLH factors such as GL3 (GLABRA 3) and EGL3 (ENHANCER OF GLABRA 
3) restored anthocyanin accumulation and trichome initiation in the coi1 mutant, 
respectively (Qi et al., 2011). Anthocyanin biosynthesis and trichome initiation are both 
inducible by JA (Maes et al., 2008; Qi et al., 2011). This induction requires both the JA 
receptor component COI1 and the GL3/EGL3/TT8-type bHLH proteins (Maes et al., 2008; Qi 
et al., 2011). Interestingly, the major JA signaling players, MYC2/MYC3/MYC4 are also 
involved in the JA-mediated anthocyanin accumulation (Lorenzo et al., 2004; Niu et al., 
2011), but may not be required for trichome induction. bHLH factors GL3, EGL3 and TT8 
(TRANSPARENT TESTA 8) function in complexes in which they interact directly with the 
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WD40 protein TTG1 (TRANSPARENT TEXTA GLABRA 1) and  R2R3-MYB proteins such as 
MYB75 and GL1 (GLABRA 1). Apart from anthocyanin biosynthesis and trichome 
formation, GL3/EGL3/TT8 complex may be involved in many other processes including root 
hair formation, flavonoid biosynthesis, stomata patterning, and seed coat mucilage 
production (Pauwels and Goossens, 2011). JAZ-interacting domain (JID) was found in a 
number of bHLH transcription factors including MYC2/MYC3/MYC4, indicating that JAZs 
may have much wider function spectrum than currently known. Indeed, JID domain is 
present in GL3, EGL3 and TT8, and interaction of these proteins with eight different JAZs 
has been detected (Qi et al., 2011). 

3.8. JA-Signaling regulates Male Fertility via Transcription Factors MYB21 and 
MYB24 

JA was repeatedly shown to be essential for male fertility in Arabidopsis. Many JA 
biosynthesis and signaling mutants such as dad1, fad3/7/8, lox3/4, aos, opr3, and coi1 are male 
sterile because of a combination of defective anther dehiscence, insufficient filament 
elongation, and severely reduced pollen viability (Browse, 2009). Transcriptome analysis of 
JA-treated stamens in opr3 and wild type identified two R2R3 MYB proteins, MYB21 and 
MYB24, as key regulators of the stamen maturation processes triggered by JA (Mandaokar 
et al., 2006). Overexpression of MYB21 in the coi1-1 or opr3 mutants could partially restore 
male fertility (Cheng et al., 2009), whereas the myb21-1 knockout mutant had strong 
reduction of fertility that could not be rescued by exogenous JA (Mandaokar et al., 2006).  

On the other hand, as the major JA-signaling components, JAZ proteins were found directly 
involved in stamen development. Overexpression of JAZ1ΔJas (Thines et al., 2007) and 
JAZ10.4 (Chung and Howe, 2009), both of which lack the full Jas domain and are resistant to 
degradation by SCFCOI1/26S proteasome, results in male sterility.  However, the JAZ3 
splice acceptor mutant jai3-1, which expresses JAZ3 without the Jas domain (Chini et al., 
2007) and JAZ10.3 (Yan et al., 2007), which lost a portion of Jas domain, are still fertile. This 
suggests a threshold level of JA signaling determines fertility. This notion was also strongly 
supported by the findings that COI1 leaky mutant allele coi1-16 is only partially male-sterile 
(Xiao et al., 2004). Interestingly, JAZ proteins were shown to regulate MYB21/MYB24, the 
transcription factors responsible for stamen and pollen maturation. A select set of JAZ 
proteins (JAZ1, JAZ8, and JAZ11) interact directly with MYB21 and MYB24, revealing a 
mechanism in which JA triggers COI1-dependent JAZ degradation to control MYB21 and 
MYB24 levels and thereby stamen development (Song et al., 2011). In addition, GA was 
found to promote JA biosynthesis in flower to control the expression of MYB21, MYB24, and 
MYB57 in the filament of the flower (Cheng et al., 2009). 

3.9. JA Signal Interaction with GA, SA, Ethylene and ABA  

As an important signal for plant development and defense, JA does not act independently but 
cooperatively with other phytohormonal signaling pathways including GA (gibberellin), SA 
(salicylic acid), Ethylene, and ABA (abscisic acid). For JA-GA interaction, a “relief of 
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identified as a negative regulator for this process (Lorenzo et al., 2003; Oñate-Sánchez et al., 
2007; Pré et al., 2008; McGrath et al., 2005).  

The expression of ERF1 can be activated rapidly by ethylene or jasmonate in wild-type plant 
but not in JA or ethylene (ET) signaling mutants coi1 or ein2 (ethylene insensitive2), suggesting 
ERF1 expression depends on JA and/or ethylene signal. Constitutive overexpression of ERF1 
activates the expression of several defense-related genes, including   PLANT DEFENSIN1.2 
(PDF1.2) and BASIC CHITINASE (ChiB) (Lorenzo et al., 2003), and was shown to confer 
resistance to necrotrophic fungi such as Botrytis cinerea and Plectosphaerella cucumerina 
(Lorenzo et al., 2003). All these results suggest that ERF1 acts downstream of the intersection 
between ethylene and jasmonate pathways and suggest that this transcription factor is a key 
element in the integration of both signals for the regulation of defense response genes 
(Lorenzo et al., 2003). ORA59, a close paralogue of ERF1 in Arabidopsis, has also been shown 
to integrate JA and ET signals in defense responses against B. cinerea. Overexpression line of 
ORA59 showed a severe dwarf phenotype under normal growth conditions, similar to plant 
overexpressing ERF1 (Pré et al., 2008). RNAi-silencing of ORA59 compromises JA- and ET-
induced expression of several defense-related genes such as PDF1.2, HEL, and ChiB (Pré et 
al., 2008). Two more ERF1-like genes, AtERF2 and AtERF14 have shown to behave similarly 
as ERF1 and ORA59. Constitutive overexpression of AtERF2 or AtERF14 causes high levels 
of PDF1.2 and ChiB gene expression in transgenic Arabidopsis plants (Brown et al., 2003; 
Oñate-Sánchez et al., 2007). In contrast to ERF1, ORA59, AtERF2, and AtERF14, AtERF4 
(At3g15210) negatively regulates the expression of PDF1.2 (McGrath et al., 2005). Loss-of-
function mutants of AtERF4 showed impaired induction of defense genes following 
exogenous ET treatment and increased susceptibility to Fusarium oxysporum. Moreover, the 
expression of other ERF genes such as ERF1 and AtERF2 depends on AtERF14 expression 
(McGrath et al., 2005). Collectively, several of members of the ERF family negatively and 
positively control the expression of a number of defense genes mediated by jasmonates. 

3.7. JA-signaling controlling anthocyanin accumulation and trichome 
development via transcription factors WD40/bHLH/R2R3-MYB complex 

Current genetic and physiological evidence shows that JA regulates the activity of “WD-
repeat/bHLH/MYB complex”, which mediates anthocyanin accumulation and trichome 
initiation in a COI1-dependent manner. Overexpression of the MYB transcription factor 
MYB75 and bHLH factors such as GL3 (GLABRA 3) and EGL3 (ENHANCER OF GLABRA 
3) restored anthocyanin accumulation and trichome initiation in the coi1 mutant, 
respectively (Qi et al., 2011). Anthocyanin biosynthesis and trichome initiation are both 
inducible by JA (Maes et al., 2008; Qi et al., 2011). This induction requires both the JA 
receptor component COI1 and the GL3/EGL3/TT8-type bHLH proteins (Maes et al., 2008; Qi 
et al., 2011). Interestingly, the major JA signaling players, MYC2/MYC3/MYC4 are also 
involved in the JA-mediated anthocyanin accumulation (Lorenzo et al., 2004; Niu et al., 
2011), but may not be required for trichome induction. bHLH factors GL3, EGL3 and TT8 
(TRANSPARENT TESTA 8) function in complexes in which they interact directly with the 
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WD40 protein TTG1 (TRANSPARENT TEXTA GLABRA 1) and  R2R3-MYB proteins such as 
MYB75 and GL1 (GLABRA 1). Apart from anthocyanin biosynthesis and trichome 
formation, GL3/EGL3/TT8 complex may be involved in many other processes including root 
hair formation, flavonoid biosynthesis, stomata patterning, and seed coat mucilage 
production (Pauwels and Goossens, 2011). JAZ-interacting domain (JID) was found in a 
number of bHLH transcription factors including MYC2/MYC3/MYC4, indicating that JAZs 
may have much wider function spectrum than currently known. Indeed, JID domain is 
present in GL3, EGL3 and TT8, and interaction of these proteins with eight different JAZs 
has been detected (Qi et al., 2011). 

3.8. JA-Signaling regulates Male Fertility via Transcription Factors MYB21 and 
MYB24 

JA was repeatedly shown to be essential for male fertility in Arabidopsis. Many JA 
biosynthesis and signaling mutants such as dad1, fad3/7/8, lox3/4, aos, opr3, and coi1 are male 
sterile because of a combination of defective anther dehiscence, insufficient filament 
elongation, and severely reduced pollen viability (Browse, 2009). Transcriptome analysis of 
JA-treated stamens in opr3 and wild type identified two R2R3 MYB proteins, MYB21 and 
MYB24, as key regulators of the stamen maturation processes triggered by JA (Mandaokar 
et al., 2006). Overexpression of MYB21 in the coi1-1 or opr3 mutants could partially restore 
male fertility (Cheng et al., 2009), whereas the myb21-1 knockout mutant had strong 
reduction of fertility that could not be rescued by exogenous JA (Mandaokar et al., 2006).  

On the other hand, as the major JA-signaling components, JAZ proteins were found directly 
involved in stamen development. Overexpression of JAZ1ΔJas (Thines et al., 2007) and 
JAZ10.4 (Chung and Howe, 2009), both of which lack the full Jas domain and are resistant to 
degradation by SCFCOI1/26S proteasome, results in male sterility.  However, the JAZ3 
splice acceptor mutant jai3-1, which expresses JAZ3 without the Jas domain (Chini et al., 
2007) and JAZ10.3 (Yan et al., 2007), which lost a portion of Jas domain, are still fertile. This 
suggests a threshold level of JA signaling determines fertility. This notion was also strongly 
supported by the findings that COI1 leaky mutant allele coi1-16 is only partially male-sterile 
(Xiao et al., 2004). Interestingly, JAZ proteins were shown to regulate MYB21/MYB24, the 
transcription factors responsible for stamen and pollen maturation. A select set of JAZ 
proteins (JAZ1, JAZ8, and JAZ11) interact directly with MYB21 and MYB24, revealing a 
mechanism in which JA triggers COI1-dependent JAZ degradation to control MYB21 and 
MYB24 levels and thereby stamen development (Song et al., 2011). In addition, GA was 
found to promote JA biosynthesis in flower to control the expression of MYB21, MYB24, and 
MYB57 in the filament of the flower (Cheng et al., 2009). 

3.9. JA Signal Interaction with GA, SA, Ethylene and ABA  

As an important signal for plant development and defense, JA does not act independently but 
cooperatively with other phytohormonal signaling pathways including GA (gibberellin), SA 
(salicylic acid), Ethylene, and ABA (abscisic acid). For JA-GA interaction, a “relief of 
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repression” model has been proposed; in which DELLAs compete with MYC2 for binding to 
JAZ1 in Arabidopsis. Without GA, stabilized DELLA proteins bind to JAZ1 and release MYC2 
to promote JA signaling. GA triggers degradation of DELLAs, which releases free JAZ1 to bind 
to MYC2 and, thus, attenuates JA signaling (Hou et al., 2010). Furthermore, GA significantly 
suppresses JA-activation of JA-responsive genes, whereas, GA alone does not significantly 
affect the expression of JA-responsive genes (Hou et al., 2010). This study suggested GA 
negatively regulates JA signaling. However, GA was found to mobilize the expression of 
DAD1, a key enzyme of JA biosynthesis in flowers. This is consistent with the observation that 
the JA content in the young flower buds of the GA-deficient quadruple mutant ga1-3 gai-t6 rga-
t2 rgl1-1 is much lower than that in the WT. The conclusion of these observervations suggests 
that GA promotes JA biosynthesis to control the expression of MYB21, MYB24, and MYB57, 
which are essential for male anther development (Cheng et al., 2009). 

The mutually antagonistic interactions between SA and JA pathways were shown by analysis 
of SA- and JA-marker gene expression in SA and JA signaling mutants of Arabidopsis. JA-
signaling mutant coi1 displayed enhanced basal and inducible expression of SA marker gene 
PR1, while SA signaling mutant npr1 (non-repressor of pr genes 1) showed concomitant increases 
in basal or induced levels of JA marker gene PDF1.2 (Mur et al., 2006). Interestingly, 
exogenous SA promotes JA-dependent induction of defense gene PDF1.2 when applied at low 
concentrations. However, at higher SA concentrations, JA-induced induction of PDF1.2 is 
suppressed, suggesting the interaction between these pathways may be dose dependent (Mur 
et al., 2006). The antagonistic interaction between SA and JA is mediated by NPR1, the centrral 
regulator of SA signaling (Spoel et al., 2003). WRKY70 is a versatile transcription factor with 
roles in multiple signaling pathways and physiological processes. It regulates the antagonistic 
interactions between SA and JA pathways. Overexpression of WRKY70 leads to the 
constitutive expression of the SA-responsive PR genes and increased resistance to SA-sensitive 
pathogens but reduces resistance to JA-sensitive pathogens. In contrast, suppression of 
WRKY70 leads to increased expression of JA-responsive genes and increased resistance to a 
pathogen sensitive to JA-dependent defenses (Li et al., 2004). Another important negative 
regulator of SA signaling is MPK4. The Arabidopsis mpk4 mutant exhibits increased SA levels, 
constitutive expression of PR1, and increased resistance to P. syringae in the absence of 
pathogen attack. In contrast, the JA-dependent induction of the PDF1.2 gene was abolished in 
the mpk4 mutant (Petersen et al., 2000). 

A number of studies provide evidence for positive interactions between the JA and ET 
signaling pathways. For example, both JA and ET signaling are required for the expression 
of the defense-related gene PDF1.2 in response to infection by Alternaria brassicicola 
(Penninckx et al., 1998). Evidence that JA and ET coordinatively regulate many other 
defense-related genes was obtained in an A. thaliana microarray experiment, which showed 
nearly half of the genes that were induced by ET were also induced by JA treatment (Schenk 
et al., 2000). Some evidence suggest also antagonistic interactions between the JA and ET 
defense pathways although a number of JA-specific or ET-specific genes were found in 
wounding and defense responses (Lorenzo et al., 2003). Crosstalk between JA and ET was 
found mediated through the physical interaction of JAZ proteins with ETHYLENE 
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INSENSITIVE3 (EIN3) and EIN3-LIKE1 (EIL1), two central positive transcription factors for 
the ET responses (Zhu et al., 2011). At least JAZ1, JAZ3, and JAZ9 can bind EIN3 and EIL1. 
Therefore, the JAZ proteins can repress the function of EIN3/EIL1, possibly by suppressing 
the DNA binding of EIN3 (Zhu et al., 2011). In the current model, ET is needed for 
EIN3/EIL1 stabilization and JA for EIN3/EIL1 release from the JAZ protein repression due to 
ubiquitin-mediated proteolysis, providing a reasonable explanation for the synergy in many 
ET/JA-regulated processes (Zhu et al., 2011). As we described above, MYC2, MYC3, and 
MYC4 are the key signaling players for JA signaling downstream JAZs are also required for 
ET signaling (Lorenzo et al., 2004). On the other hand, Overexpression of ET-responsive 
transcription factors ERF1 and ORA59 significantly activates JA responses (Lorenzo et al., 
2003; Pré et al., 2008). 

Very limited information for the interaction between JA and ABA is available so far. ABA and 
MeJA were reported to induce stomatal closure, most likely by triggering the production of 
reactive oxygen species (ROS) in stomatal guard cells (Munemasa et al., 2007). The coi1 
mutation suppresses only MeJA-mediated ROS production without influencing ABA-
mediated ROS production, suggesting that COI1-dependent JA signaling acts through ABA 
pathway for stomatal closure (Munemasa et al., 2007). Anderson et al. (2004) showed that 
interaction between ABA and ethylene signaling is mutually antagonistic in vegetative tissues. 
Exogenous ABA suppressed both basal and JA/ethylene–activated transcription of defense 
genes. By contrast, ABA deficiency as conditioned by mutations in the ABA1 and ABA2 genes, 
which encode enzymes involved in ABA biosynthesis, resulted in up-regulation of basal and 
induced transcription from JA-ethylene responsive defense genes (Anderson et al., 2004).  

4. THE physiological roles of JA in plant development and defense 

4.1. JA is an essential signal for plant defense against insect herbivory 

JA is one of the major defense hormones in plants (Browse, 2009), and it provides a major 
mechanism of induced defenses against insects herbivores and a wide spectrum of pathogen 
species, especially necrotrophic fungi. The defense property of jasmonates to various insect 
herbivores has been extensively studied in the past decades. To the best of our knowledge, 
there is no report supporting a negative role of jasmonates in defense against insect species. 
This topic has been covered by a number of excellent reviews (Farmer et al., 2003; Felton and 
Tumlinson, 2008; Browse, 2009; Howe and Jander, 2008). Here, we describe the major lines 
of evidence that point to the evolution, action and significance of JA as a defense hormone in 
planta. (1) Mechanical wounding or damage caused by herbivore feeding results in rapid 
accumulation of JAs at the site of wounding (Glauser et al., 2008). Successive feeding on the 
leaves causes steady increase of JA content throughout the entire plant (Reymond et al., 
2004). (2) Wounding or exogenous application of JA/MeJA generally up-regulates the genes 
involved in JA biosynthesis (Mueller, 1997; Leon and Sanchez-Serrano, 1999). Most JA 
biosynthesis genes such as LOX2, LOX3, LOX4, AOS, OPR3, and AOC3 and signaling genes 
such as MYC2, JAZ1, JAZ2, JAZ5, JAZ6, JAZ7, JAZ8, JAZ9, and JAZ10 were found highly 
inducible in response to wounding, MeJA treatment, and herbivore feeding (Chung et al., 
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repression” model has been proposed; in which DELLAs compete with MYC2 for binding to 
JAZ1 in Arabidopsis. Without GA, stabilized DELLA proteins bind to JAZ1 and release MYC2 
to promote JA signaling. GA triggers degradation of DELLAs, which releases free JAZ1 to bind 
to MYC2 and, thus, attenuates JA signaling (Hou et al., 2010). Furthermore, GA significantly 
suppresses JA-activation of JA-responsive genes, whereas, GA alone does not significantly 
affect the expression of JA-responsive genes (Hou et al., 2010). This study suggested GA 
negatively regulates JA signaling. However, GA was found to mobilize the expression of 
DAD1, a key enzyme of JA biosynthesis in flowers. This is consistent with the observation that 
the JA content in the young flower buds of the GA-deficient quadruple mutant ga1-3 gai-t6 rga-
t2 rgl1-1 is much lower than that in the WT. The conclusion of these observervations suggests 
that GA promotes JA biosynthesis to control the expression of MYB21, MYB24, and MYB57, 
which are essential for male anther development (Cheng et al., 2009). 

The mutually antagonistic interactions between SA and JA pathways were shown by analysis 
of SA- and JA-marker gene expression in SA and JA signaling mutants of Arabidopsis. JA-
signaling mutant coi1 displayed enhanced basal and inducible expression of SA marker gene 
PR1, while SA signaling mutant npr1 (non-repressor of pr genes 1) showed concomitant increases 
in basal or induced levels of JA marker gene PDF1.2 (Mur et al., 2006). Interestingly, 
exogenous SA promotes JA-dependent induction of defense gene PDF1.2 when applied at low 
concentrations. However, at higher SA concentrations, JA-induced induction of PDF1.2 is 
suppressed, suggesting the interaction between these pathways may be dose dependent (Mur 
et al., 2006). The antagonistic interaction between SA and JA is mediated by NPR1, the centrral 
regulator of SA signaling (Spoel et al., 2003). WRKY70 is a versatile transcription factor with 
roles in multiple signaling pathways and physiological processes. It regulates the antagonistic 
interactions between SA and JA pathways. Overexpression of WRKY70 leads to the 
constitutive expression of the SA-responsive PR genes and increased resistance to SA-sensitive 
pathogens but reduces resistance to JA-sensitive pathogens. In contrast, suppression of 
WRKY70 leads to increased expression of JA-responsive genes and increased resistance to a 
pathogen sensitive to JA-dependent defenses (Li et al., 2004). Another important negative 
regulator of SA signaling is MPK4. The Arabidopsis mpk4 mutant exhibits increased SA levels, 
constitutive expression of PR1, and increased resistance to P. syringae in the absence of 
pathogen attack. In contrast, the JA-dependent induction of the PDF1.2 gene was abolished in 
the mpk4 mutant (Petersen et al., 2000). 

A number of studies provide evidence for positive interactions between the JA and ET 
signaling pathways. For example, both JA and ET signaling are required for the expression 
of the defense-related gene PDF1.2 in response to infection by Alternaria brassicicola 
(Penninckx et al., 1998). Evidence that JA and ET coordinatively regulate many other 
defense-related genes was obtained in an A. thaliana microarray experiment, which showed 
nearly half of the genes that were induced by ET were also induced by JA treatment (Schenk 
et al., 2000). Some evidence suggest also antagonistic interactions between the JA and ET 
defense pathways although a number of JA-specific or ET-specific genes were found in 
wounding and defense responses (Lorenzo et al., 2003). Crosstalk between JA and ET was 
found mediated through the physical interaction of JAZ proteins with ETHYLENE 
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INSENSITIVE3 (EIN3) and EIN3-LIKE1 (EIL1), two central positive transcription factors for 
the ET responses (Zhu et al., 2011). At least JAZ1, JAZ3, and JAZ9 can bind EIN3 and EIL1. 
Therefore, the JAZ proteins can repress the function of EIN3/EIL1, possibly by suppressing 
the DNA binding of EIN3 (Zhu et al., 2011). In the current model, ET is needed for 
EIN3/EIL1 stabilization and JA for EIN3/EIL1 release from the JAZ protein repression due to 
ubiquitin-mediated proteolysis, providing a reasonable explanation for the synergy in many 
ET/JA-regulated processes (Zhu et al., 2011). As we described above, MYC2, MYC3, and 
MYC4 are the key signaling players for JA signaling downstream JAZs are also required for 
ET signaling (Lorenzo et al., 2004). On the other hand, Overexpression of ET-responsive 
transcription factors ERF1 and ORA59 significantly activates JA responses (Lorenzo et al., 
2003; Pré et al., 2008). 

Very limited information for the interaction between JA and ABA is available so far. ABA and 
MeJA were reported to induce stomatal closure, most likely by triggering the production of 
reactive oxygen species (ROS) in stomatal guard cells (Munemasa et al., 2007). The coi1 
mutation suppresses only MeJA-mediated ROS production without influencing ABA-
mediated ROS production, suggesting that COI1-dependent JA signaling acts through ABA 
pathway for stomatal closure (Munemasa et al., 2007). Anderson et al. (2004) showed that 
interaction between ABA and ethylene signaling is mutually antagonistic in vegetative tissues. 
Exogenous ABA suppressed both basal and JA/ethylene–activated transcription of defense 
genes. By contrast, ABA deficiency as conditioned by mutations in the ABA1 and ABA2 genes, 
which encode enzymes involved in ABA biosynthesis, resulted in up-regulation of basal and 
induced transcription from JA-ethylene responsive defense genes (Anderson et al., 2004).  

4. THE physiological roles of JA in plant development and defense 

4.1. JA is an essential signal for plant defense against insect herbivory 

JA is one of the major defense hormones in plants (Browse, 2009), and it provides a major 
mechanism of induced defenses against insects herbivores and a wide spectrum of pathogen 
species, especially necrotrophic fungi. The defense property of jasmonates to various insect 
herbivores has been extensively studied in the past decades. To the best of our knowledge, 
there is no report supporting a negative role of jasmonates in defense against insect species. 
This topic has been covered by a number of excellent reviews (Farmer et al., 2003; Felton and 
Tumlinson, 2008; Browse, 2009; Howe and Jander, 2008). Here, we describe the major lines 
of evidence that point to the evolution, action and significance of JA as a defense hormone in 
planta. (1) Mechanical wounding or damage caused by herbivore feeding results in rapid 
accumulation of JAs at the site of wounding (Glauser et al., 2008). Successive feeding on the 
leaves causes steady increase of JA content throughout the entire plant (Reymond et al., 
2004). (2) Wounding or exogenous application of JA/MeJA generally up-regulates the genes 
involved in JA biosynthesis (Mueller, 1997; Leon and Sanchez-Serrano, 1999). Most JA 
biosynthesis genes such as LOX2, LOX3, LOX4, AOS, OPR3, and AOC3 and signaling genes 
such as MYC2, JAZ1, JAZ2, JAZ5, JAZ6, JAZ7, JAZ8, JAZ9, and JAZ10 were found highly 
inducible in response to wounding, MeJA treatment, and herbivore feeding (Chung et al., 
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2008). (3) Insect feeding or wounding induces hundreds of defense-related genes in JA-
dependent manner, including genes involved in pathogenesis, indole glucosinolate 
metabolism, and detoxification (Reymond et al., 2004). (4) Insect feeding, wounding, or 
MeJA treatment activates synthesis of anti-insect substance, e.g., proteinase inhibitors (PIs) 
in Arabidopsis (Farmer et al., 1992), nicotine in tobacco, papain inhibitor(s) in tomato (Bolter, 
1993), vinblastine in rose periwinkle (Catharanthus roseus), artemisinin in annual wormwood 
(Artemisia annua) (De Geyter et al., 2012), and poisonous secondary metabolites such as 
glucosinates and camalexin in Arabidopsis. (5) JA biosynthesis or perception mutants of 
Arabidopsis such as, fad3-2 fad7-2 fad8, aos, opr3, jar1, and coi1, as well as those from other 
species such as tomato jar1, and maize opr7 opr8 are highly susceptible to insect attack 
(McConn et al. 1997; Laudert and Weiler, 1998; Stintzi et al., 2001; Staswick et al., 1998; Xie et 
al., 1998; Li et al., 2004; Yan et al., 2012). These JA mutants are shown to be compromised in 
resistance to a wide range of arthropod herbivores including caterpillars (Lepidoptera), 
beetles (Coleoptera), thrips (Thysanoptera), leafhoppers (Homoptera), spider mites (Acari), 
fungal gnats (Diptera), and mirid bugs (Heteroptera) (Howe and Jander, 2008). On the other 
hand, JA-pathway overexpression mutants such as cev1, cex1, and fou2 are highly resistant 
to insect and pathogen attacks (Ellis and Turner, 2001; Xu et al., 2001; Bonaventure et al., 
2007). (6) Exogenous application of JA or MeJA can elevate resistance of a number of plant 
species to insects attack (Avdiushko et al., 1997). The JA precursor OPDA also contributes to 
plant defense against insect attacks (Stintzi et al., 2001). (7) When attacted by herbivores, 
plants can rapidly release volatile organic compounds (VOC, consisting mainly of fatty acid-
derived products and terpenes) and green leafy volatiles (GLV, including mainly of (Z)-3-
hexenal, (Z)-3-hexenol, and (Z)-3-hexenyl acetate). These can effectively induce direct 
defense response — activation of JA biosynthesis pathway in the attacked and neighboring 
plants, and indirect defense response — attraction of insect enemies that parasitize or prey 
on feeding insects (Paré and Tumlinson, 1999; Engelberth et al., 2004).  

4.2. The roles of JA in induced systemic resistance (ISR) against microbial 
pathogens 

JA is an essential phytohormone for defense response against a wide spectrum of pathogens, 
alone or in combination with other hormones, such as ET, SA, and ABA (Browse, 2009; Adie 
et al., 2007). Although all plant hormones including GA, auxin (IAA), and brassinosteroids 
(BR) may be involved in plant defense responses against pathogens (Smith et al., 2009), 
numerous studies have shown that SA, JA, and ET are the major players in induced 
resistance of plants (Dong, 1998; Kunkel and Brooks, 2002). The SA-mediated pathway is 
typically activated in response to pathogens and mediates the initiation of a hypersensitive 
response (HR) and induction of pathogenesis-related proteins (PRs) that confer systemic 
acquired resistance (SAR) against a broad array of pathogens (Smith et al., 2009). 
Rhizobacteria-mediated induced systemic resistance (ISR) in plants primarily depends on JA 
and ET (Pieterse et al., 1998). Regarding the relationship of JA with ET, the widely held 
belief is that ET acts synergistically with JA in the activation of responses to pathogens 
(Lorenzo and Solano, 2005). Several defense-related genes including PR1, PR3, PR4, PR5, 
and PDF1.2 are synergistically induced by JA and ET (Lorenzo et al., 2003). Exogenous 
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application of JA and ET can activate expression of genes in both JA biosynthesis and 
signaling pathway (Chung et al., 2008; Pré et al., 2008). As to SA interaction with JA/ET, 
either to biotrophic or necrotrophic pathogens, SA was suggested to act mutually 
antagonistically with JA/ET pathways (Lorenzo and Solano, 2005). 

Considering only the role of JA, it has been frequently demonstrated to be an indispensible 
phytohormone signal for resistance/susceptibility to several diseases caused by fungal, 
bacterial, and viral pathogens.  

1. JA mediates resistance of plant to necrotrophic pathogens such as Botrytis cenerea 
and Alternaria brassicicola. JA perception mutant coi1 display enhanced susceptibility 
to B. cenerea and A. brassicicola (Thomma et al., 1998) and  JA biosynthesis mutant aos as 
well as signaling mutant coi1 is also highly susceptible to B. cenerea (Rowe et al., 2010). 
Interestingly, there are exceptions that JA negatively regulates resistance to 
necrotrophic fungi. For example, JA signaling mutant jin1/jai1, which acts downstream 
of COI1 in JA signaling pathway, showed higher resistance to necrotrophic fungi such 
as B. cinerea and Plectosphaerella cucumerina (Lorenzo et al., 2004). JA signaling mutant 
coi1 displayed enhanced resistance to necrotrophic fungus Fusarium oxysporium 
(Thatcher et al., 2009). 

2. JA biosynthesis mutants show extremely high susceptibility to soil-borne oomycete 
Pythium spp. Arabidopsis fatty acid desaturase triple mutant fad3-2 fad7-2 fad8, deficient 
in biosynthesis of the JA precursor linolenic acid, is more susceptible to the root 
pathogen Pythium mastophorum; 90% of the triple mutant plants did not survive the 
infection as compared to only 10% of wild-type plants (Vijayan et al., 1998). 
Exogenously applied MeJA reduced death rate of fad3-2 fad7-2 fad8. Another Arabidopsis 
JA mutany jar1 (jasmonic-acid resistant 1), shows reduced sensitivity to jasmonates and 
deficient JA signaling (Staswick et al., 1998). Both fad3-2 fad7-2 fad8 and jar1 plants 
exhibit enhanced susceptibility to Pythium irregulare (Staswick et al., 1998). In maize, the 
double mutant opr7 opr8, deficient in JA biosynthesis, showed extreme susceptibility to 
Pythium aristosporium (Yan et al., 2012). When tarnsfered to a field from sterile soil opr7 
opr8 plants displayed “wilting” phenotype due to root rots 6 d after the transfer (Figure 
10H and 10I), and 11 days after transplanting, all the opr7 opr8 plants died, while wild-
type plants continued to display normal growth (Yan et al., 2012). 

3. JA signaling promotes pathogenesis of biotrophic pathogens. Resistance of host 
plants against fungal and bacterial biotrophic pathogens is associated with activation of 
SA-dependent signaling and SAR. As SA and JA/ET signaling tend to be mutually 
inhibitory, JA/ET signaling is expected to have negative effects on resistance to these 
pathogens. Results from studies of Peronospora parasitica, Erysiphe spp., and Pseudomonas 
syringae support the idea that SA signaling is important for resistance against biotrophs. 
In the cases of P. parasitica and Erisyphe spp., JA/ET-dependent responses do no seem to 
play a major role because infection does not induce JA/ET pathways. However, JA/ET 
signaling may also be effective if activated artificially (Glazebrook, 2005). In the case of 
bacterial biotroph P.syringae, SA-dependent defense responses clearly play an important 
role in limiting P.syringae growth. Mutants with defects in SA signaling, including eds1, 
pad4, eds5, sid2, and npr1, show enhanced susceptibility to virulent strains and in some 
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2008). (3) Insect feeding or wounding induces hundreds of defense-related genes in JA-
dependent manner, including genes involved in pathogenesis, indole glucosinolate 
metabolism, and detoxification (Reymond et al., 2004). (4) Insect feeding, wounding, or 
MeJA treatment activates synthesis of anti-insect substance, e.g., proteinase inhibitors (PIs) 
in Arabidopsis (Farmer et al., 1992), nicotine in tobacco, papain inhibitor(s) in tomato (Bolter, 
1993), vinblastine in rose periwinkle (Catharanthus roseus), artemisinin in annual wormwood 
(Artemisia annua) (De Geyter et al., 2012), and poisonous secondary metabolites such as 
glucosinates and camalexin in Arabidopsis. (5) JA biosynthesis or perception mutants of 
Arabidopsis such as, fad3-2 fad7-2 fad8, aos, opr3, jar1, and coi1, as well as those from other 
species such as tomato jar1, and maize opr7 opr8 are highly susceptible to insect attack 
(McConn et al. 1997; Laudert and Weiler, 1998; Stintzi et al., 2001; Staswick et al., 1998; Xie et 
al., 1998; Li et al., 2004; Yan et al., 2012). These JA mutants are shown to be compromised in 
resistance to a wide range of arthropod herbivores including caterpillars (Lepidoptera), 
beetles (Coleoptera), thrips (Thysanoptera), leafhoppers (Homoptera), spider mites (Acari), 
fungal gnats (Diptera), and mirid bugs (Heteroptera) (Howe and Jander, 2008). On the other 
hand, JA-pathway overexpression mutants such as cev1, cex1, and fou2 are highly resistant 
to insect and pathogen attacks (Ellis and Turner, 2001; Xu et al., 2001; Bonaventure et al., 
2007). (6) Exogenous application of JA or MeJA can elevate resistance of a number of plant 
species to insects attack (Avdiushko et al., 1997). The JA precursor OPDA also contributes to 
plant defense against insect attacks (Stintzi et al., 2001). (7) When attacted by herbivores, 
plants can rapidly release volatile organic compounds (VOC, consisting mainly of fatty acid-
derived products and terpenes) and green leafy volatiles (GLV, including mainly of (Z)-3-
hexenal, (Z)-3-hexenol, and (Z)-3-hexenyl acetate). These can effectively induce direct 
defense response — activation of JA biosynthesis pathway in the attacked and neighboring 
plants, and indirect defense response — attraction of insect enemies that parasitize or prey 
on feeding insects (Paré and Tumlinson, 1999; Engelberth et al., 2004).  

4.2. The roles of JA in induced systemic resistance (ISR) against microbial 
pathogens 

JA is an essential phytohormone for defense response against a wide spectrum of pathogens, 
alone or in combination with other hormones, such as ET, SA, and ABA (Browse, 2009; Adie 
et al., 2007). Although all plant hormones including GA, auxin (IAA), and brassinosteroids 
(BR) may be involved in plant defense responses against pathogens (Smith et al., 2009), 
numerous studies have shown that SA, JA, and ET are the major players in induced 
resistance of plants (Dong, 1998; Kunkel and Brooks, 2002). The SA-mediated pathway is 
typically activated in response to pathogens and mediates the initiation of a hypersensitive 
response (HR) and induction of pathogenesis-related proteins (PRs) that confer systemic 
acquired resistance (SAR) against a broad array of pathogens (Smith et al., 2009). 
Rhizobacteria-mediated induced systemic resistance (ISR) in plants primarily depends on JA 
and ET (Pieterse et al., 1998). Regarding the relationship of JA with ET, the widely held 
belief is that ET acts synergistically with JA in the activation of responses to pathogens 
(Lorenzo and Solano, 2005). Several defense-related genes including PR1, PR3, PR4, PR5, 
and PDF1.2 are synergistically induced by JA and ET (Lorenzo et al., 2003). Exogenous 
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application of JA and ET can activate expression of genes in both JA biosynthesis and 
signaling pathway (Chung et al., 2008; Pré et al., 2008). As to SA interaction with JA/ET, 
either to biotrophic or necrotrophic pathogens, SA was suggested to act mutually 
antagonistically with JA/ET pathways (Lorenzo and Solano, 2005). 

Considering only the role of JA, it has been frequently demonstrated to be an indispensible 
phytohormone signal for resistance/susceptibility to several diseases caused by fungal, 
bacterial, and viral pathogens.  

1. JA mediates resistance of plant to necrotrophic pathogens such as Botrytis cenerea 
and Alternaria brassicicola. JA perception mutant coi1 display enhanced susceptibility 
to B. cenerea and A. brassicicola (Thomma et al., 1998) and  JA biosynthesis mutant aos as 
well as signaling mutant coi1 is also highly susceptible to B. cenerea (Rowe et al., 2010). 
Interestingly, there are exceptions that JA negatively regulates resistance to 
necrotrophic fungi. For example, JA signaling mutant jin1/jai1, which acts downstream 
of COI1 in JA signaling pathway, showed higher resistance to necrotrophic fungi such 
as B. cinerea and Plectosphaerella cucumerina (Lorenzo et al., 2004). JA signaling mutant 
coi1 displayed enhanced resistance to necrotrophic fungus Fusarium oxysporium 
(Thatcher et al., 2009). 

2. JA biosynthesis mutants show extremely high susceptibility to soil-borne oomycete 
Pythium spp. Arabidopsis fatty acid desaturase triple mutant fad3-2 fad7-2 fad8, deficient 
in biosynthesis of the JA precursor linolenic acid, is more susceptible to the root 
pathogen Pythium mastophorum; 90% of the triple mutant plants did not survive the 
infection as compared to only 10% of wild-type plants (Vijayan et al., 1998). 
Exogenously applied MeJA reduced death rate of fad3-2 fad7-2 fad8. Another Arabidopsis 
JA mutany jar1 (jasmonic-acid resistant 1), shows reduced sensitivity to jasmonates and 
deficient JA signaling (Staswick et al., 1998). Both fad3-2 fad7-2 fad8 and jar1 plants 
exhibit enhanced susceptibility to Pythium irregulare (Staswick et al., 1998). In maize, the 
double mutant opr7 opr8, deficient in JA biosynthesis, showed extreme susceptibility to 
Pythium aristosporium (Yan et al., 2012). When tarnsfered to a field from sterile soil opr7 
opr8 plants displayed “wilting” phenotype due to root rots 6 d after the transfer (Figure 
10H and 10I), and 11 days after transplanting, all the opr7 opr8 plants died, while wild-
type plants continued to display normal growth (Yan et al., 2012). 

3. JA signaling promotes pathogenesis of biotrophic pathogens. Resistance of host 
plants against fungal and bacterial biotrophic pathogens is associated with activation of 
SA-dependent signaling and SAR. As SA and JA/ET signaling tend to be mutually 
inhibitory, JA/ET signaling is expected to have negative effects on resistance to these 
pathogens. Results from studies of Peronospora parasitica, Erysiphe spp., and Pseudomonas 
syringae support the idea that SA signaling is important for resistance against biotrophs. 
In the cases of P. parasitica and Erisyphe spp., JA/ET-dependent responses do no seem to 
play a major role because infection does not induce JA/ET pathways. However, JA/ET 
signaling may also be effective if activated artificially (Glazebrook, 2005). In the case of 
bacterial biotroph P.syringae, SA-dependent defense responses clearly play an important 
role in limiting P.syringae growth. Mutants with defects in SA signaling, including eds1, 
pad4, eds5, sid2, and npr1, show enhanced susceptibility to virulent strains and in some 
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cases, avirulent strains. P. syringae DC3000 inhibits SA signaling by producing a toxin 
called coronatine, which imitates JA-Ile (a bioactive JA-amino acid conjugate). The 
coronamic acid moiety of coronatine structurally resembles ACC (the ET precursor, 
aminocyclopropane carboxylic acid). Resistance of JA insensitive mutant coi1 to P. 
syringae DC3000 is associated with elevated levels of SA and enhanced expression of 
SA-regulated genes, suggesting that coronatine contributes to virulence by activating JA 
signaling, thereby repressing SA-dependent defense mechanisms that limit P. syringae 
growth (Glazebrook, 2005).  

4. JAs may have positive roles in plant resistance against viruses. Members of the 
geminivirus family are plant viruses with circular, single-stranded DNA genomes that 
infect a wide range of plant species and cause extensive yield losses in important crops 
such as tomato, maize, and cotton. In Arabidopsis, exogenous application of jasmonates 
reduces susceptibility to geminivirus infection (Lozano-Durán et al., 2011). In a case of 
turnip crinkle virus (TCV), SA, but not JA/ET, is required for the development of 
hypersensitive reaction (HR) and systemic resistance in Arabidopsis (Kachroo et al., 
2000). However, applying 60 μM JA and then 100 μM SA 24 h later, enhanced resistance 
to Cucumber mosaic virus (CMV), Tobacco mosaic virus (TMV), and TCV in Arabidopsis, 
tobacco, tomato, and hot pepper (Shang et al., 2011), indicating JA and SA have additive 
positive effects to resistance against RNA viruses.  

5. JA positively regulates resistance against parasitic plants. In plant-parasitic plants 
interaction, both JA and SA were found to positively regulate host-plant defense 
responses to parasitic plants (Bar-Nun et al., 2008; Runyon et al., 2010). The 
holoparasitic plant, Orobanche aegyptiaca, is capable of infecting many host plants, 
including Arabidopsis thaliana. Low dose exposure to MeJA or methyl salicylic acid 
(MeSA) effectively induced resistance of Arabidopsis seedlings to O. aegyptiaca (Bar-Nun 
et al., 2008).  Runyon et al. (2010) reported that the parasitic plant Cuscuta pentagona 
grew larger on mutant tomato plants, in which the SA (NahG) or JA (jin1) pathways 
were disrupted, suggesting that these hormones can act independently to reduce 
parasite growth. Large increases of both JA and SA were detected in host plant tomato 
after parasitism was established (i.e., haustoria formation) (Runyon et al., 2010). Host 
production of JA was transitory and reached a maximum at 36 hr, whereas SA peaked 
12 hr later and remained elevated 5 d later (Runyon et al., 2010). 

6. JA is a key player in induced systemic resistance against root knot nematodes (RKN). 
Foliar application of JA induces a systemic defense response that reduces avirulent 
nematode reproduction on susceptible tomato plants. JA enhances Mi-mediated 
resistance (Mi is a resistant gene in tomato) of resistant lines at high temperature 
(Cooper et al., 2005). However, using JA-signaling mutant jar1 (equal to coi1 of 
Arabidopsis) and JA biosynthesis mutant def1, it was found that endogenous JA signaling 
pathway is required for tomato susceptibility to RKNs (Bhattarai et al., 2008).  

4.3. JAs serve an important role against abiotic stresses 

Salinity is one better studied abiotic stress in plants. Foliar application of MeJA can 
effectively alleviate salinity stress symptoms in soybean seedlings (Yoon et al., 2009). In 
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grapevine, exogenous jasmonate can rescue growth in the salt-sensitive cell line and salt 
stress response is modulated by JA-signaling components such as JAZ proteins (Ismail et al., 
2012).  

JA plays import role of plant resistance against ozone (O3) stress. JA biosynthesis mutant 
fad3/7/8 and JA-signaling mutant jar1 have greater sensitivity to O3 (Rao et al., 2000). 
Furthermore, MeJA pretreatment decreased O3-induced H2O2 content and SA concentrations 
and completely abolished O3-induced cell death (Rao et al., 2000). 

4.4. JAs are required signals for pollen development in dicots and for sex 
determination in monocots  

In addition to defense function, jasmonate was frequently shown to serve essential roles in 
reproductive processes of plants. In Arabidopsis, JA biosynthesis mutants such as fad3/7/8, 
aos, opr3, and JA signaling mutant coi1 are male sterile, strongly supporting JA as an 
essential signal for development of male organ of bisexual flowers (Browse, 2009). This JA-
dependent male sterility phenotype consists of three characteristics: 1) the anthers of 
mutants lost dehiscence to shed pollen at flowering time; 2) the pollen grains in the anthers 
are predominantly (>97%) inviable; 3) the stamen filaments are substantially shorter in 
mutant, that is, the anthers do not elongate sufficiently to the stigma level (Browse, 2009). 
The fertility defective phenotype of JA biosynthetic mutants is rescued by exogenous JA 
treatment; however, the signaling mutant coi1 cannot be rescued by JA application (Browse, 
2009). Some JA signaling components have also been implicated in stamen development. 
MYB21 and MYB24 are JA-responsive transcription factors in opr3 stamens and were 
isolated as JA-dependent transcription factors for flower development (Mandaokar et al., 
2006). A myb21 mutants exhibited shorter anther filaments, delayed anther dehiscence, and 
greatly reduced male fertility. A myb24 mutants was phenotypically wild type, but creation 
of a myb21myb24 double mutant indicated that introduction of the myb21 mutation 
exacerbated all three aspects of the myb24 phenotype. Exogenous jasmonate could not 
restore fertility to myb21 or myb21myb24 mutant plants. All these results indicate that MYB21 
and MYB24 are JA signaling components mediating JA response during stamen 
development (Mandaokar et al., 2006).  

In addition, overexpression of Jas domain-defective JAZ proteins such as JAZ1-ΔJas and 
JAZ10.4 which are resistant to SCFCOI1/26S proteolysis complex resultes male sterile 
phenotypes, further demonstrating that JA is essential for male fertility in Arabidopsis 
(Thines et al., 2007; Chung and Howe, 2009). However, some JA signaling mutants are male 
fertile instead of sterile. For example, myc2 mutant does not show a male-sterile phenotype 
(Lorenzo et al., 2004); jar1 mutant is male fertile (Staswick and Tiryaki, 2004). In these 
mutants, it may be possible that an alternative component or ligand for JA signaling exists. 
Surprisingly, in contrast to Arabidopsis, JA perception mutant jar1 of tomato (Solanum 
lycopersicum) are male-fertile but female-sterile (Li et al., 2004), suggesting that JA roles in 
reproductive differentiation of plants largely depend on the species. 

Like Arabidopsis, the monocotyledonous plant rice bears bisexual flowers. The JA-deficient 
mutant of rice hebiba showed male sterility (Riemann et al., 2003), supporting that JA is 
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cases, avirulent strains. P. syringae DC3000 inhibits SA signaling by producing a toxin 
called coronatine, which imitates JA-Ile (a bioactive JA-amino acid conjugate). The 
coronamic acid moiety of coronatine structurally resembles ACC (the ET precursor, 
aminocyclopropane carboxylic acid). Resistance of JA insensitive mutant coi1 to P. 
syringae DC3000 is associated with elevated levels of SA and enhanced expression of 
SA-regulated genes, suggesting that coronatine contributes to virulence by activating JA 
signaling, thereby repressing SA-dependent defense mechanisms that limit P. syringae 
growth (Glazebrook, 2005).  

4. JAs may have positive roles in plant resistance against viruses. Members of the 
geminivirus family are plant viruses with circular, single-stranded DNA genomes that 
infect a wide range of plant species and cause extensive yield losses in important crops 
such as tomato, maize, and cotton. In Arabidopsis, exogenous application of jasmonates 
reduces susceptibility to geminivirus infection (Lozano-Durán et al., 2011). In a case of 
turnip crinkle virus (TCV), SA, but not JA/ET, is required for the development of 
hypersensitive reaction (HR) and systemic resistance in Arabidopsis (Kachroo et al., 
2000). However, applying 60 μM JA and then 100 μM SA 24 h later, enhanced resistance 
to Cucumber mosaic virus (CMV), Tobacco mosaic virus (TMV), and TCV in Arabidopsis, 
tobacco, tomato, and hot pepper (Shang et al., 2011), indicating JA and SA have additive 
positive effects to resistance against RNA viruses.  

5. JA positively regulates resistance against parasitic plants. In plant-parasitic plants 
interaction, both JA and SA were found to positively regulate host-plant defense 
responses to parasitic plants (Bar-Nun et al., 2008; Runyon et al., 2010). The 
holoparasitic plant, Orobanche aegyptiaca, is capable of infecting many host plants, 
including Arabidopsis thaliana. Low dose exposure to MeJA or methyl salicylic acid 
(MeSA) effectively induced resistance of Arabidopsis seedlings to O. aegyptiaca (Bar-Nun 
et al., 2008).  Runyon et al. (2010) reported that the parasitic plant Cuscuta pentagona 
grew larger on mutant tomato plants, in which the SA (NahG) or JA (jin1) pathways 
were disrupted, suggesting that these hormones can act independently to reduce 
parasite growth. Large increases of both JA and SA were detected in host plant tomato 
after parasitism was established (i.e., haustoria formation) (Runyon et al., 2010). Host 
production of JA was transitory and reached a maximum at 36 hr, whereas SA peaked 
12 hr later and remained elevated 5 d later (Runyon et al., 2010). 

6. JA is a key player in induced systemic resistance against root knot nematodes (RKN). 
Foliar application of JA induces a systemic defense response that reduces avirulent 
nematode reproduction on susceptible tomato plants. JA enhances Mi-mediated 
resistance (Mi is a resistant gene in tomato) of resistant lines at high temperature 
(Cooper et al., 2005). However, using JA-signaling mutant jar1 (equal to coi1 of 
Arabidopsis) and JA biosynthesis mutant def1, it was found that endogenous JA signaling 
pathway is required for tomato susceptibility to RKNs (Bhattarai et al., 2008).  

4.3. JAs serve an important role against abiotic stresses 

Salinity is one better studied abiotic stress in plants. Foliar application of MeJA can 
effectively alleviate salinity stress symptoms in soybean seedlings (Yoon et al., 2009). In 
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grapevine, exogenous jasmonate can rescue growth in the salt-sensitive cell line and salt 
stress response is modulated by JA-signaling components such as JAZ proteins (Ismail et al., 
2012).  

JA plays import role of plant resistance against ozone (O3) stress. JA biosynthesis mutant 
fad3/7/8 and JA-signaling mutant jar1 have greater sensitivity to O3 (Rao et al., 2000). 
Furthermore, MeJA pretreatment decreased O3-induced H2O2 content and SA concentrations 
and completely abolished O3-induced cell death (Rao et al., 2000). 

4.4. JAs are required signals for pollen development in dicots and for sex 
determination in monocots  

In addition to defense function, jasmonate was frequently shown to serve essential roles in 
reproductive processes of plants. In Arabidopsis, JA biosynthesis mutants such as fad3/7/8, 
aos, opr3, and JA signaling mutant coi1 are male sterile, strongly supporting JA as an 
essential signal for development of male organ of bisexual flowers (Browse, 2009). This JA-
dependent male sterility phenotype consists of three characteristics: 1) the anthers of 
mutants lost dehiscence to shed pollen at flowering time; 2) the pollen grains in the anthers 
are predominantly (>97%) inviable; 3) the stamen filaments are substantially shorter in 
mutant, that is, the anthers do not elongate sufficiently to the stigma level (Browse, 2009). 
The fertility defective phenotype of JA biosynthetic mutants is rescued by exogenous JA 
treatment; however, the signaling mutant coi1 cannot be rescued by JA application (Browse, 
2009). Some JA signaling components have also been implicated in stamen development. 
MYB21 and MYB24 are JA-responsive transcription factors in opr3 stamens and were 
isolated as JA-dependent transcription factors for flower development (Mandaokar et al., 
2006). A myb21 mutants exhibited shorter anther filaments, delayed anther dehiscence, and 
greatly reduced male fertility. A myb24 mutants was phenotypically wild type, but creation 
of a myb21myb24 double mutant indicated that introduction of the myb21 mutation 
exacerbated all three aspects of the myb24 phenotype. Exogenous jasmonate could not 
restore fertility to myb21 or myb21myb24 mutant plants. All these results indicate that MYB21 
and MYB24 are JA signaling components mediating JA response during stamen 
development (Mandaokar et al., 2006).  

In addition, overexpression of Jas domain-defective JAZ proteins such as JAZ1-ΔJas and 
JAZ10.4 which are resistant to SCFCOI1/26S proteolysis complex resultes male sterile 
phenotypes, further demonstrating that JA is essential for male fertility in Arabidopsis 
(Thines et al., 2007; Chung and Howe, 2009). However, some JA signaling mutants are male 
fertile instead of sterile. For example, myc2 mutant does not show a male-sterile phenotype 
(Lorenzo et al., 2004); jar1 mutant is male fertile (Staswick and Tiryaki, 2004). In these 
mutants, it may be possible that an alternative component or ligand for JA signaling exists. 
Surprisingly, in contrast to Arabidopsis, JA perception mutant jar1 of tomato (Solanum 
lycopersicum) are male-fertile but female-sterile (Li et al., 2004), suggesting that JA roles in 
reproductive differentiation of plants largely depend on the species. 

Like Arabidopsis, the monocotyledonous plant rice bears bisexual flowers. The JA-deficient 
mutant of rice hebiba showed male sterility (Riemann et al., 2003), supporting that JA is 



 
Lipid Metabolism 424 

required for male organ formation of bisexual flower plants. Maize is another monocot and 
belongs to monoecious plants, which bears distinct male inflorescence (called tassel) and 
female inflorescence (called ear) on the same plant. The monosexual florets in the tassel or 
the ears develop from bisexual floret primordia of top or axillary meristems though a sex 
determination program mediated by a number of sex-determining genes (Bortiri and Hake, 
2007). Recent study on ts1 (tasselseed1), a mutant in which male inflorescence (tassel) 
becomes female-fertile structure that can be pollinated to bear seeds, showed that 
jasmonates is an essential phytohormone that initiates sex determination program of tassel 
(Acosta et al., 2009). In our recent study, the JA-deficient mutant opr7 opr8 showed 100%-
feminized tassel, strongly supporting the JA signal requirement for tassel formation in 
maize (Figure 10A and 10B) (Yan et al., 2012). TS1 encodes a 13-lipoxygenase (i.e. LOX8), 
disruption of which causes JA-deficiency locally in the tassel meristem. opr7 opr8 is a double 
mutant of OPR isoforms required for JA biosynthesis, mutation of which results in JA 
depletion systemically in the plant. Several studies have showed that gibberellin (GA) is 
involved in ear formation. GA biosynthesis mutants such as an1, d1, d2, d3, and d5 and GA 
perception mutants D8 and D9, all showed dwarfism and masculinized ears (i.e. male florets 
are produced in ears), indicating GA is another important phytohormone for sex 
determination in maize (Chuck, 2010). Putting the studies of JA and GA together, we may 
hypothesize that JA and GA act antagonistically in male and female flowers, respectively, in 
maize sex determination process. 

4.5. JAs has a role in female organgenesis in some plant species  

In tomato, JA signaling mutant jar1 (the ortholog of coi1) showed seed-bearing sterility: 1) 
the size and mass of mature ripened jai1-1 fruit were significantly less than those of mature 
wild-type fruit; 2) vast majority (>99%) of fertilize ova of the mutant fruit were not viable 
during the fruit development and only a few viable seeds were recovered from the fruit. It is 
estimated that the number of viable seeds produced by jai1-1 plants was <0.1% of the viable 
seed yield from wild-type plants grown under identical conditions (Li et al., 2004). In maize, 
JA-deficient mutant opr7 opr8 showed outgrowth of multiple female reproductive buds and 
extreme elongation of ear shanks, indicating JA is a crucial signal for female organ growth 
(Figure 10C and 10D) (Yan et al., 2012).   

4.6. JAs regulate vegetative growth 

Activation of JA defense signaling against biotic and abiotic stresses depletes available 
resources and severely restricts plant growth. It is well known that JAs act in plant as 
growth inhibitors in root and shoots (Staswick et al., 1992). Wound-induced accumulation of 
endogenous JAs strongly suppresses plant growth of roots and shoots by inhibiting cell 
mitosis (Zhang and Turner, 2008). The inhibition role of JAs depends on JA signaling 
pathway. JA perception mutant coi1 relieved JA inhibition to roots and shoots (Xie et al., 
1998). JA-signaling mutants such as jin1/myc2, jin4/jar1, and jai3 have largely reduced 
growth inhibition to roots and leaves by JA application (Lorenzo et al., 2004). JA signal 
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integrates other plant hormones including CK (cytokinins), GA, IAA, ABA, and ET to 
regulate growth processes and defense responses (Sano et al., 1996; Cheng et al., 2009; 
Nagpal et al., 2005; Anderson et al., 2004; Lorenzo et al., 2003).   

4.7. JA involved in trichome development  

Trichomes are branching structures or hair-like appendages differentiated from epidermal 
cells in the aerial part of plant, which function as barriers to protect plants against 
herbivores, insects, abiotic damage, UV irradiation, and excessive transpiration (Ishida et al., 
2008). Trichome formation is initiated by various environmental cues, such as wounding 
and insect attack (Yoshida et al., 2009), and by different endogenous developmental signals, 
including phytohormones, such as jasmonate (Traw and Bergelson, 2003; Li et al., 2004; 
Yoshida et al., 2009), gibberellin (Perazza et al., 1998), ethylene (Plett et al., 2009), and 
salicylic acid (Traw and Bergelson, 2003). Tomato JA perception mutant jar1 has no 
trichomes on the surface of young fruit and significantly less on the leaf and stem surfaces 
(Li et al., 2004). JA biosynthesis mutant aos and perception mutant coi1 produced fewer 
trichomes than the wild type and MeJA treatment increases trichome density in aos but not 
coi1, indicating JA signal is a positive regulator of trichome development in Arabidopsis 
(Yoshida et al., 2009). JA signal controls trichome patterning in Arabidopsis via a key 
transcription factor GRABRA3 of which JA treatment enhanced expression prior to trichome 
initiation (Yoshida et al., 2009). GRABRA3 interacts with other transcription factors such as 
TRANSPARENT TESTA GLABRA1 (TTG1) and GLABRA1 (GL1) to control trichome 
initiation (Yoshida et al., 2009). Furthermore, a recent study showed that JAZ proteins 
interact with these transcription factors to regulate trichome development (Qi et al., 2011). 

4.8. JAs promote fruit/seed ripening 

JA perception mutant jar1 of tomato bears much smaller fruits compared with wild type, and 
the young seeds of the mutant fruits suffer from high rate of seed abortion (>99%), indicating 
that JA signal is an essential signal during the early stage of fruit development and seed 
maturation in tomato (Li et al., 2004). In apples (Malus sylvestris) and sweet cherries (Prunus 
avium), endogenous JA accumulated in the early ripening stage of the fruit and seeds, also 
indicating that JA plays an important role in fruit/seed development (Kondo et al., 2000).    

4.9. JAs act as an internal signal facilitating leaf senescence  

Leaf senescence involves senescence-associated cell death (PCD), which is controlled by age 
under the influence of endogenous and environmental factors (Lim et al., 2007). Several 
phytohormones including JA, cytokinins, ethylene, ABA, and SA were implicated in leaf 
senescence program (Lim et al., 2007). Regarding the role of JA in leaf senescence, most 
studies support that JA positively regulates leaf senescence process (Ueda and Kato, 1980; 
He et al., 2002; Schenk et al., 2000; Castillo and León, 2008). Senescence-like phenotypes are 
induced by exogenous application of MeJA or JA in Artemisia absinthium or Arabidopsis 
(Ueda and Kato, 1980; He et al., 2002); and some senescence-up-regulated genes such as 
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integrates other plant hormones including CK (cytokinins), GA, IAA, ABA, and ET to 
regulate growth processes and defense responses (Sano et al., 1996; Cheng et al., 2009; 
Nagpal et al., 2005; Anderson et al., 2004; Lorenzo et al., 2003).   
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and insect attack (Yoshida et al., 2009), and by different endogenous developmental signals, 
including phytohormones, such as jasmonate (Traw and Bergelson, 2003; Li et al., 2004; 
Yoshida et al., 2009), gibberellin (Perazza et al., 1998), ethylene (Plett et al., 2009), and 
salicylic acid (Traw and Bergelson, 2003). Tomato JA perception mutant jar1 has no 
trichomes on the surface of young fruit and significantly less on the leaf and stem surfaces 
(Li et al., 2004). JA biosynthesis mutant aos and perception mutant coi1 produced fewer 
trichomes than the wild type and MeJA treatment increases trichome density in aos but not 
coi1, indicating JA signal is a positive regulator of trichome development in Arabidopsis 
(Yoshida et al., 2009). JA signal controls trichome patterning in Arabidopsis via a key 
transcription factor GRABRA3 of which JA treatment enhanced expression prior to trichome 
initiation (Yoshida et al., 2009). GRABRA3 interacts with other transcription factors such as 
TRANSPARENT TESTA GLABRA1 (TTG1) and GLABRA1 (GL1) to control trichome 
initiation (Yoshida et al., 2009). Furthermore, a recent study showed that JAZ proteins 
interact with these transcription factors to regulate trichome development (Qi et al., 2011). 
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JA perception mutant jar1 of tomato bears much smaller fruits compared with wild type, and 
the young seeds of the mutant fruits suffer from high rate of seed abortion (>99%), indicating 
that JA signal is an essential signal during the early stage of fruit development and seed 
maturation in tomato (Li et al., 2004). In apples (Malus sylvestris) and sweet cherries (Prunus 
avium), endogenous JA accumulated in the early ripening stage of the fruit and seeds, also 
indicating that JA plays an important role in fruit/seed development (Kondo et al., 2000).    

4.9. JAs act as an internal signal facilitating leaf senescence  

Leaf senescence involves senescence-associated cell death (PCD), which is controlled by age 
under the influence of endogenous and environmental factors (Lim et al., 2007). Several 
phytohormones including JA, cytokinins, ethylene, ABA, and SA were implicated in leaf 
senescence program (Lim et al., 2007). Regarding the role of JA in leaf senescence, most 
studies support that JA positively regulates leaf senescence process (Ueda and Kato, 1980; 
He et al., 2002; Schenk et al., 2000; Castillo and León, 2008). Senescence-like phenotypes are 
induced by exogenous application of MeJA or JA in Artemisia absinthium or Arabidopsis 
(Ueda and Kato, 1980; He et al., 2002); and some senescence-up-regulated genes such as 
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SEN1, SEN4, SEN5, SAG12, SAG14, and SAG15 are responsive to JA treatment (He et al., 
2002; Schenk et al., 2000). Delayed yellowing phenotype during natural senescence and 
upon dark incubation of detached leaves was observed in JA biosynthesis mutant kat2 and 
signaling mutant coi1 (Castillo and León, 2008). Casting doubt about the role of JA in 
senescence, JA-defective mutants aos and opr3 senesced similar ro wild type under natural 
senescence conditions or upon dark treatment (He et al., 2002; Schommer et al., 2008). In 
maize, strong genetic evidence was obtained for JA involvement in the leaf senescence (Yan 
et al., 2012). The leaves of JA-deficient mutant opr7 opr8 displayed senesced substantially 
later than wild type (Figure 10G). 

4.10. JAs activate secondary metabolism beneficial to development and defense  

Secondary metabolites play diverse roles in plants. For example, flowers synthesize and 
accumulate anthocyanin pigments in petals to attract pollinating insects. In addition, 
anthocyanins absorb visible as well as UV radiation and are effective antioxidants and 
scavengers of reactive oxygen species, protecting plant tissues from the effects of excess 
incidental visible or UV-B radiation and oxidative stress (Quina et al., 2009). Other 
secondary metabolites such as polyamines, quinones, terpenoids, alkaloids, 
phenylpropanoids, and glucosinolates act as phytoalexins to protect plants against 
microorganisms or herbivores (Chen et al., 2006).  

Gaseous MeJA enhance production of anthocyanins in soybean seedlings (Franceschi and 
Grimes, 1991). Wounding or MeJA treatment activates rapidly the expression of 
anthocyanin biosynthesis genes and increase anthocyanin level in the detached corolla of 
Petunia hybrida (Moalem-Beno et al., 1997). In Arabidopsis, JA or MeJA treatment strongly 
enhances anthocyanin accumulation in the shoots, especially in the petiole of the seedling 
(Lorenzo et al., 2004) and this JAs-activating anthocyanin accumulation depends on COI1-
mediated JA signaling pathway (Shan et al., 2009). JA induces anthocyanin biosynthesis via 
up-regulation of the ‘late’ anthocyanin biosynthetic genes DFR, LDOX, and UF3GT (Shan et 
al., 2009). JA coincidently activates anthocyanin biosynthetic regulators such as transcription 
factors PAP1, PAP2, and GL3 (Shan et al., 2009). Either these biosynthetic genes or 
transcription factors are COI1-dependent (Shan et al., 2009). In the monocot plant maize, 
opr7opr8 double mutant lack anthocyanin pigmentation in brace roots and auricles (Figure 
10E and 10F), but not in leaf blade or sheath, indicating that endogenous JA controls 
anthocyanins pigmentation in specific tissues of maize (Yan et al., 2012).  

JAs also effectively activate defensive metabolites against insects or pathogens. Early studies 
concluded that MeJA application strongly induced anti-insect protein accumulation such as 
proteinase inhibitors I and II (PI-I, II) (Farmer et al., 1992) and vegetative storage protein 
(VSP) (Liu et al., 2005). Nicotine, an alkaloid toxic to most insects by interfering with the 
transmitter substance between nerves and muscles, widely exists in tobacco (Nicotiana 
tabacum) and related species. Exogenous application of JA or wounding of leaves activate 
nicotine biosynthesis in a COI1- and MYC2-dependent manner, indicating JA signal is 
required in tobacco to control nicotine metabolism (Shoji et al., 2008; Shoji and Hashimoto, 
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2011). In Arabidopsis, camalexin (3-thiazol-2'yl-indole) is the main phytoalexin induced by a 
variety of microorganisms including bacteria, fungi, and oomycetes. JA signaling is required 
for the activation of camalexin synthesis in response to infection by P. syringae pv. maculicola 
ES4326 (Zhou et al., 1999). Glucosinolates are a group of thioglucosides found in all 
cruciferous plants such as Arabidopsis and Brassica napus. The hydrolysed products of 
glucosinolates contribute to plant defense against microorganisms. MeJA treatment 
increases total glucosinolate content in leaves of B. napus up to 20 fold (Doughty et al., 1995). 
In Arabidopsis, accumulation of camalexin and indole glucosinolates can be trigged by 
elicitors from the plant pathogen Erwinia carotovora, and this induction effect is COI1-
dependent (Brader et al., 2001). There are also a number of examples that jasmonates 
effectively activate secondary metabolites in medicinal plant species such as artemisinin 
synthesis in Artemisia annua and vinblastine (an alkaloid) in Catharanthus roseus (De Geyter 
et al., 2012).  All pathways of the above metabolites, including nicotine, camalexin, 
glucosinolates, artemisinin, and vinblastine belong to JA-elicited plant secondary 
metabolism, which is regulated by JA-signaling components such as COI1, MYC2, ERF1 and 
JAZs (De Geyter et al., 2012).   

 

 
Figure 10. Genetic morphological phenotypes of JA-deficient mutant in maize 
(A) Tassel of wild type. (B) Feminized tassel structure of JA deficient mutant opr7 opr8. (C) The ear of 
wild type. (D) Multiple elongated ears of opr7 opr8.(E) Anthocyanins accumulation in the brace roots of 
wildtype. (F) Lack anthocyanins pigmentation of opr7 opr8 brace roots. (G) The senescence phenotype of 
third leaves of wild type (left) and opr7 opr8 (right). (H) & (I) opr7 opr8 (right) is highly susceptible to 
Pythium aristosporum compared with wild type (left). 
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SEN1, SEN4, SEN5, SAG12, SAG14, and SAG15 are responsive to JA treatment (He et al., 
2002; Schenk et al., 2000). Delayed yellowing phenotype during natural senescence and 
upon dark incubation of detached leaves was observed in JA biosynthesis mutant kat2 and 
signaling mutant coi1 (Castillo and León, 2008). Casting doubt about the role of JA in 
senescence, JA-defective mutants aos and opr3 senesced similar ro wild type under natural 
senescence conditions or upon dark treatment (He et al., 2002; Schommer et al., 2008). In 
maize, strong genetic evidence was obtained for JA involvement in the leaf senescence (Yan 
et al., 2012). The leaves of JA-deficient mutant opr7 opr8 displayed senesced substantially 
later than wild type (Figure 10G). 

4.10. JAs activate secondary metabolism beneficial to development and defense  

Secondary metabolites play diverse roles in plants. For example, flowers synthesize and 
accumulate anthocyanin pigments in petals to attract pollinating insects. In addition, 
anthocyanins absorb visible as well as UV radiation and are effective antioxidants and 
scavengers of reactive oxygen species, protecting plant tissues from the effects of excess 
incidental visible or UV-B radiation and oxidative stress (Quina et al., 2009). Other 
secondary metabolites such as polyamines, quinones, terpenoids, alkaloids, 
phenylpropanoids, and glucosinolates act as phytoalexins to protect plants against 
microorganisms or herbivores (Chen et al., 2006).  

Gaseous MeJA enhance production of anthocyanins in soybean seedlings (Franceschi and 
Grimes, 1991). Wounding or MeJA treatment activates rapidly the expression of 
anthocyanin biosynthesis genes and increase anthocyanin level in the detached corolla of 
Petunia hybrida (Moalem-Beno et al., 1997). In Arabidopsis, JA or MeJA treatment strongly 
enhances anthocyanin accumulation in the shoots, especially in the petiole of the seedling 
(Lorenzo et al., 2004) and this JAs-activating anthocyanin accumulation depends on COI1-
mediated JA signaling pathway (Shan et al., 2009). JA induces anthocyanin biosynthesis via 
up-regulation of the ‘late’ anthocyanin biosynthetic genes DFR, LDOX, and UF3GT (Shan et 
al., 2009). JA coincidently activates anthocyanin biosynthetic regulators such as transcription 
factors PAP1, PAP2, and GL3 (Shan et al., 2009). Either these biosynthetic genes or 
transcription factors are COI1-dependent (Shan et al., 2009). In the monocot plant maize, 
opr7opr8 double mutant lack anthocyanin pigmentation in brace roots and auricles (Figure 
10E and 10F), but not in leaf blade or sheath, indicating that endogenous JA controls 
anthocyanins pigmentation in specific tissues of maize (Yan et al., 2012).  

JAs also effectively activate defensive metabolites against insects or pathogens. Early studies 
concluded that MeJA application strongly induced anti-insect protein accumulation such as 
proteinase inhibitors I and II (PI-I, II) (Farmer et al., 1992) and vegetative storage protein 
(VSP) (Liu et al., 2005). Nicotine, an alkaloid toxic to most insects by interfering with the 
transmitter substance between nerves and muscles, widely exists in tobacco (Nicotiana 
tabacum) and related species. Exogenous application of JA or wounding of leaves activate 
nicotine biosynthesis in a COI1- and MYC2-dependent manner, indicating JA signal is 
required in tobacco to control nicotine metabolism (Shoji et al., 2008; Shoji and Hashimoto, 
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2011). In Arabidopsis, camalexin (3-thiazol-2'yl-indole) is the main phytoalexin induced by a 
variety of microorganisms including bacteria, fungi, and oomycetes. JA signaling is required 
for the activation of camalexin synthesis in response to infection by P. syringae pv. maculicola 
ES4326 (Zhou et al., 1999). Glucosinolates are a group of thioglucosides found in all 
cruciferous plants such as Arabidopsis and Brassica napus. The hydrolysed products of 
glucosinolates contribute to plant defense against microorganisms. MeJA treatment 
increases total glucosinolate content in leaves of B. napus up to 20 fold (Doughty et al., 1995). 
In Arabidopsis, accumulation of camalexin and indole glucosinolates can be trigged by 
elicitors from the plant pathogen Erwinia carotovora, and this induction effect is COI1-
dependent (Brader et al., 2001). There are also a number of examples that jasmonates 
effectively activate secondary metabolites in medicinal plant species such as artemisinin 
synthesis in Artemisia annua and vinblastine (an alkaloid) in Catharanthus roseus (De Geyter 
et al., 2012).  All pathways of the above metabolites, including nicotine, camalexin, 
glucosinolates, artemisinin, and vinblastine belong to JA-elicited plant secondary 
metabolism, which is regulated by JA-signaling components such as COI1, MYC2, ERF1 and 
JAZs (De Geyter et al., 2012).   
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5. Conclusion 

Our understanding of the biosynthesis, regulation, and signaling mechanisms of jasmonates 
has increased substantially in the last few years. JA biosynthesis enzymes showed ‘self-
activation’, in which the final product, JA, positively regulate the enzyme activity of this 
pathway. Currently, only (+)-7-iso-jasmonoyl-L-Ile has been conclusively shown to function 
as the bioactive ligand to JA signaling machinery SCFCOI1/JAZs complex. The molecular 
mechanism of JA signal perception and transduction was found to mimic many aspects of 
the auxin signaling process. In the presence of low levels of JA, JAZ proteins repress the 
expression of JA-responsive genes by interacting directly with the bHLH (basic helix-loop-
helix) transcription factors MYC2, MYC3, and MYC4, which are positive regulators of JA 
responses. When JA levels increased, the bioactive form of ligand JA-Ile promotes binding of 
JAZs to SCFCOI1 to form SCFCOI1-JAZ-JA-Ile reception complex and subsequent degradation 
of JAZ repressors via the ubiquitin/26S proteasome pathway, resulting in derepression of 
primary response genes. A number of recent studies found a wide spectrum of JA functions 
in plant including the regulation of developmental and defense processes, such as, 
resistance against insects and pathogens, root growth, fruit/seed maturation, leaf 
senescence, anthocyanin pigmentation, sex determination (of monoecious plant), female or 
reproductive organ formation. 
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5. Conclusion 

Our understanding of the biosynthesis, regulation, and signaling mechanisms of jasmonates 
has increased substantially in the last few years. JA biosynthesis enzymes showed ‘self-
activation’, in which the final product, JA, positively regulate the enzyme activity of this 
pathway. Currently, only (+)-7-iso-jasmonoyl-L-Ile has been conclusively shown to function 
as the bioactive ligand to JA signaling machinery SCFCOI1/JAZs complex. The molecular 
mechanism of JA signal perception and transduction was found to mimic many aspects of 
the auxin signaling process. In the presence of low levels of JA, JAZ proteins repress the 
expression of JA-responsive genes by interacting directly with the bHLH (basic helix-loop-
helix) transcription factors MYC2, MYC3, and MYC4, which are positive regulators of JA 
responses. When JA levels increased, the bioactive form of ligand JA-Ile promotes binding of 
JAZs to SCFCOI1 to form SCFCOI1-JAZ-JA-Ile reception complex and subsequent degradation 
of JAZ repressors via the ubiquitin/26S proteasome pathway, resulting in derepression of 
primary response genes. A number of recent studies found a wide spectrum of JA functions 
in plant including the regulation of developmental and defense processes, such as, 
resistance against insects and pathogens, root growth, fruit/seed maturation, leaf 
senescence, anthocyanin pigmentation, sex determination (of monoecious plant), female or 
reproductive organ formation. 
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1. Introduction 

Probiotics are dened as viable microorganisms that exhibit benecial effects on the health 
of the host [1]. Now, probiotics are known to possess physiological functions such as 
inhibition to pathogens, assisting digestion, immunoregulatory activity and antitumor 
activity [2]. Here, we discuss the effects of probiotic on lipid metabolism from seven main 
aspects including history, antioxidant effect, impact on lipoprotein, microflora view, 
hormones, receptors and new mechanisms. 

1.1. Past and present 

As early as in 1974, Mann and Spoerry observed that inhabitants from African Maasai tribes 
maintained a lower level of blood lipids due to a high fermented milk intake [3]. Further 
perspective suspected that live Lactobacilli included in fermented milk may contribute to 
reducing cholesterol [4]. The cholesterol-reducing effect of probiotic has become more 
apparent with the discovery of bile salt deconjugating and cholesterol assimilating ability of 
Lactobacillus  [5] [6]. Thereafter, a set of screening procedures both in vitro and vivo was 
established for evaluation of cholesterol-reducing probiotics [7]. Many probiotic strains 
mostly L. acidophilus were screened out with cholesterol-reducing property [8].  

A new study by Lye et al showed that there existed ve possible probiotic mechanisms 
including assimilation of cholesterol during growth, binding of cholesterol to cellular 
surface, disruption of cholesterol micelle, deconjugation of bile salt and bile salt hydrolase 
(BSH) activity [9]. Now with the development of molecular biology, we can judge 
cholesterol-lowering effect firstly by detection of BSH gene and its expression in a probiotic 
genome. A recent study by Sridevi et al showed that Lactobacillus buchneri ATCC 4005 
exhibited a great cholesterol-lowering property through an optimal condition of bile salt 
hydrolase production [10]. In conclusion from a meta-analysis, administration of probiotic 
can exect benefits on total cholesterol and LDL-cholesterol level of human [11].  
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There are some reports that fermented soy milk by probiotics also showed favorable 
function of regulating lipids level [12]. The advantages of fermented soy milk are that 
undesirable soybean oligosaccharides can be hydrolysed which provide nutritional 
components for probiotic and a large variety of peptides and amino acids are produced as 
well as active aglycon form of isoflavones [13]. An improved cholesterol profile was 
observed with daily intake of a probiotic soy product [14]. It seems possible that living 
probiotics and functional isoflavones cooperated in regulating lipid profile. 

2. Antioxidant effect 

Probiotic originated from longevity research by the well-known Eli Metchnikoff. As we all 
known, various published evidence suggested reduction of oxidative stress led to longevity-
promoting consistent with Harman's Free Radical Theory of Aging [15]. These two 
observations inspired the investigation of antioxidant ability of probiotics. 

Oxidative stress induced by obesity tend to produce surplus reactive oxygen species (ROS) 
which may cause further damage by free radical chain reaction mechanism [16]. ROS have 
some deleterious effects on polyunsaturated lipids in cell membrane leading to damage of 
cell structure and malondialdehyde (MDA), which was also toxic to DNA and protein and 
formed as a marker of lipid peroxidation at the same time [17] [18]. As for the oxidative 
stress, human body has its own antioxidant defense system including superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GSH-Px) , glutathione (GSH) and so on [19]. 
Many Lactobacillus strains with antioxidative effects were not only reducing MDA level, but 
also enhance the antioxidants production (Table1). 
 

Strains Model Antioxidant effects Renferences 
Probiotic yoghurt 

containing Lactobacillus 
acidophilus La5 

and Bifidobacterium 
lactis Bb12 

Type 2 
diabetic 
patients 

Serum MDA concentration 
significantly decreased 

[20] 

Probiotic yoghurt containing 
Lactobacillus 

acidophilus LA-5 and 
Bifidobacterium BB-12 

Pregnant 
Women 

Increased erythrocyte 
glutathione reductase levels, 

plasma glutathione and 8-oxo-
7,8-dihydroguanine  levels 

[21] 

Lactobacillus casei Zhang 
High-fat fed 

rat 

A decrease of MDA and 
increase of SOD and GSH-Px 

in serum and liver 
[22] 

Lactobacillus fermentum pigs 

Increased total antioxidant 
capacity, SOD and GSH-Px 
activity in serum as well as 

hepatic CAT and muscle SOD;
Decreased MDA level in serum 

and muscle 

[23] 
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Strains Model Antioxidant effects Renferences 
Probiotic yoghurt containing 

Lactobacillus 
acidophilus LA-5 and 
Bifidobacterium BB-12 

human 
An increase of SOD and 

catalase activity 
[24] 

Bacillus polyfermenticus 

Rats with 
colon 

carcinoge-
nesis 

Lower plasma lipid 
peroxidation levels and higher 
plasma total antioxidant levels

[25] 

Probiotic dahi containing 
Lactobacillus acidophilus and 

Lactobacillus casei 

High fructose 
fed rats 

Lower values of TBARS and 
higher values of glutathione in 

liver and pancreatic tissues 
[26] 

Lactobacillus fermentum ME-3 human Enhanced total antioxidative
status [27] 

Bacillus polyfermenticus SCD
High-Fat and 
cholestero-l 

fed rat 

An increase in total radical 
trapping antioxidant potential 

(TRAP) and a decrease in 
conjugated dienes in plasma

[28] 

Streptococcus thermophilus 
YIT 2001 

Iron 
overloade-d 

mice 

A significant decrease of lipid 
peroxide in the colonic mucosa [29] 

VSL#3 ob/ob mice Lower fatty acid beta-
oxidation [30] 

L. acidophilus rats Higher GSH-Px activity in red 
blood cells [31] 

L .rhamnosus SBT 2257 rats 
Inhibition of hemolysis of  red 
blood cell under the condition 

of vitamin E dificient
[32] 

Table 1. Antioxidative effects of probiotics 

3. Impact on lipoprotein  

Lipoprotein transport play an important role in accumulation of host lipopolysaccharide 
level (LPS) [33]. Studies by Cani et al showed that elevated LPS level was considered as a 
trigger factor involved in the pathogenesis of obesity and metabolic risk via innate immune 
mechanism [34]. LPS-binding protein (LBP) and lipoproteins exert a synergistic effect on 
reducing the toxic LPS level[35].  

Several fermented milk containing probiotics were demonstrated to reduce low-density 
lipoprotein cholesterol(LDL-c) level and very-low-density lipoprotein cholesterol (VLDL-c) 
in animal and human [26] [36] [37].Recently, L. casei Shirota had been proved a plasma LBP-
lowering effect in obesity mice and L. reuteri NCIMB 30242 yoghurt could improve ApoB-
100 level in hypercholesterolaemic subjects, suggesting that probiotic possess LPS-reducing 
function to delay the obesity risk [38] [39]. 
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[21] 
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High-fat fed 
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Strains Model Antioxidant effects Renferences 
Probiotic yoghurt containing 

Lactobacillus 
acidophilus LA-5 and 
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Rats with 
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An increase in total radical 
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[28] 
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overloade-d 

mice 
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oxidation [30] 
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[32] 

Table 1. Antioxidative effects of probiotics 

3. Impact on lipoprotein  

Lipoprotein transport play an important role in accumulation of host lipopolysaccharide 
level (LPS) [33]. Studies by Cani et al showed that elevated LPS level was considered as a 
trigger factor involved in the pathogenesis of obesity and metabolic risk via innate immune 
mechanism [34]. LPS-binding protein (LBP) and lipoproteins exert a synergistic effect on 
reducing the toxic LPS level[35].  

Several fermented milk containing probiotics were demonstrated to reduce low-density 
lipoprotein cholesterol(LDL-c) level and very-low-density lipoprotein cholesterol (VLDL-c) 
in animal and human [26] [36] [37].Recently, L. casei Shirota had been proved a plasma LBP-
lowering effect in obesity mice and L. reuteri NCIMB 30242 yoghurt could improve ApoB-
100 level in hypercholesterolaemic subjects, suggesting that probiotic possess LPS-reducing 
function to delay the obesity risk [38] [39]. 
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4. The whole microflora view 

Intestinal microbes not only Lactobacillus could also exhibit a bile salt deconjugating effect 
[40], suggesting that other microbes had lipid-reducing potential. Thus, overall intestinal 
microflora was taken into account for lipid metabolism evaluation. In the past few years, 
research has focused on new areas of microflora and lipid metabolism with the development 
of culture-independent methods for understanding the total microbial diversity [41].  

The human gut is consisting of a microbial community of 1014 bacteria with at least 1000 
species and the whole microbiome is more than 100-fold the human genome [42].These 
researches highlight the significance of the whole gut microbiome contribute to energy 
harvest and the relationship between obesity and changes of gut microbiome [43]. More 
detailed, obese is mainly characterized by elevated Firmicutes/Bacteroidetes ratio in gut [44]. 
Probiotics serve as one of effective agents for regulation of gut microflora, they can exext 
benefits on lipid metabolism through downregulating the ratio of Firmicutes/Bacteroidetes. 
Other bacteria such as Methanobrevibacter smithii are also at low level in obese people [45]. 
Interestingly, atherosclerotic disease, which caused by accumulation of cholesterol and 
inflammation, was recently found its atherosclerotic plaque microbiota was associated with 
oral and gut microbiota through high throughput 454 pyrosequencing of 16S rRNA genes [46]. 

Besides, such a huge microflora provide a large reservoir of LPS molecules to circulation 
through colonizing of Gram-negative bacteria in the gut [47]. A recent study showed 
Bifidobacteria with genes encoding an ATP-binding-cassette-type carbohydrate transporter 
could protect against Gram-negative E. coli O157:H7 colonization in gut due to acetate 
production [48]. Thus, probiotic can restrict LPS-related microbial communities in the gut.  

The whole gut microflora is also known as a target for drug metabolism because of diverse 
microbial transformations [49]. Manipulation of commensal microbial composition through 
antibiotics, probiotics or prebiotics was thought to enhance the metabolic activity and 
production of effective metabolites [50]. Simvastatin, which is an inhibitor of HMG-CoA and 
widely used for regulating hepatic cholesterol production, was proposed to possess altered 
pharmacological properties by microflora degradation via changing its capacity to bind to 
the corresponding receptors [51]. It is indicated that probiotics have potential to influence 
the metabolism of lipid-regulating drugs in gut. 

5. Regulation of leptin, adiponectin and osteocalcin 

Hormones such as leptin, adiponectin and osteocalcin play an important role in lipid 
metabolism. Obese population was characterized by significant lower levels of osteocalcin 
and adiponectin as well as high leptin level (leptin-resistant) which have been reported in 
literature. It is now increasingly accepted that leptin can regulate food intake and energy 
expenditure through hypothalamus and adiponectin can enhance tissue fat oxidation to 
downstream fatty acids levels and tissue triglyceride content associated with insulin 
sensitivity [52]. As for osteocalcin, leptin assumed to modulate osteocalcin bioactivity and 
osteocalcin could stimulate the adiponectin synthesis [53] [54]. 
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5.1. Leptin 

Leptin, an antiobesity hormone produced by adipose tissue, has been reported to regulate 
body weight by controlling food intake and energy expenditure [55]. However, obesity tend 
to display markedly higher serum leptin level with a leptin-resistant symptom. Several 
studies reported a decrease of leptin by probiotic administration. In high-fat fed mice, Lee et 
al  confirmed that Lactobacillus rhamnosus PL60 exhibited a reduction in leptin level and anti-
obesity effect due to production of conjugated linoleic acid [56]. Moreover, serum leptin 
concentration was reduced by Lactobacillus gasseri SBT205 in lean Zucker rats linked with 
lowered adipocyte size [57]. Another study also report leptin level was reduced by a 
combined bifidobacteria (B. pseudocatenulatum SPM 1204, B. longum SPM 1205, and B. longum 
SPM 1207) in obese rats [58]. Interestingly and controversially, direct injection of 
Lactobacillus acidophilus supernatants (germ free) into the brains of rats lead to weight loss 
with an increase in leptin expression in neurons and adipose tissue [59]. 

Leptin-lowering effect of probiotics was also observed in human. Similarly, Naruszewicz et 
al investigated whether oral administration of L. plantarum 299v exert beneficial effect on 
smokers by detection of cardiovascular risk factors [60]. In this study, smokers showed a great 
decrease in plasma leptin concentrations and anti-inflammatory properties when supplement 
of probiotic. Discouragingly,  two months of Lactobacillus acidophilus and Bifidobacterium longum 
consumption failed to lower plasma leptin levels in male equol excretors [61]. 

5.2. Adiponectin 

As an adipocyte-derived serum protein, adiponectin play an important role in glucose and 
lipid metabolism since adiponectin deficiency are associated with insulin resistance, 
inflammation, dyslipidemia and risk of atherogenic vascular disease [62]. In parallel, 
adiponectin has also been shown to suppress macrophage foam cell formation in 
atherosclerosis [63]. Several studies showed that probiotic therapy improved adiponectin 
level or adiponectin gene expression. One comparative research performed in normal 
microflora (NMF) and germ-free (GF) mice revealed that adiponectin gene expression 
(Adipoq) was up-regulated in the groups of Lactobacillus-treated germ free mice [64]. 
Moreover, Higurashi et al reported a probiotic cheese could prevent abdominal adipose 
accumulation and maintained serum adiponectin concentrations in high-calorie fed rats [65]. 
However, Lactobacillus plantarum strain No. 14 exert a white adipose-reducing effect in high-
fat fed mice with no change of adiponectin [66].  

Kadooka et al used a probiotic L. gasseri SBT2055 to regulate abdominal adiposity in obese 
adults, where the probiotic treatment involved a significant reduction in abdominal visceral 
and subcutaneous fat areas from baseline and significantly increased high-molecular weight 
adiponectin in their serum [67]. Furthermore, a recent large scale clinical study conducted 
by Luoto et al confirmed that pregnant women with a consumption of combined 
Lactobacillus rhamnosus GG and Bifidobacterium lactis probiotics possessed higher colostrum 
adiponectin concentration compared to placebo which was correlated inversely with 
maternal weight gain during pregnancy [68]. 
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5.3. Osteocalcin 

In recent years, osteocalcin secreted by osteoblasts has aroused great interest linked to β cell 
function, adiponectin production, energy expenditure and adiposity [69]. In humans, fat 
individuals kept a low level of serum osteocalcin [70]. The only study by Naughton et al  
showed that osteocalcin levels was slightly increased in middle aged rats by consumption of 
inulin-rich milk fermented by Lactobacillus GG and Bifidobacterium lactis [71]. It is interesting 
that osteocalcin is an vitamin K-dependent protein and two main types including vitamin 
K1 and vitamin K2 are respectively produced from dietary vegetable and microflora [72]. As 
an effective way to alter microflora, probiotics have potential to enhance vitamin K2 
production and related osteocalcin level through changing the microflora. 

6. Interaction with receptors 

Various Receptors are involved in regulating important genes in lipid transport and 
metabolism and selected as potential therapeutic targets for dyslipidemia and 
atherosclerosis. Recent studies have focused on nuclear receptors (NRs), G protein-coupled 
receptor (GPRs) and Toll-like receptors (TLRs) as factors regulated by probiotics 
administration. But the crosstalk among NRs,TLRs and GPRs have not been clearly 
elucidated. The only investigation about crosstalk of NRs,TLRs and microflora between 
specific pathogen-free (SPF) mice and germ-free (GF) mice have revealed that LXR alpha, 
ROR gamma and CAR expression were reduced while TLR-2 and TLR-5 increased in SPF 
compared with GF mice [73]. 

6.1. Nuclear receptors 

According to the stated above, some probiotics were found to be effective in reducing blood 
cholesterol level and one possible mechanism is enhanced fecal bile acids level. As one of 
important lipid mediators, bile acids have been confirmed to influence a series of NRs 
including farnesoid X receptor (FXR), pregnane-X-receptor (PXR), constitutive androstane 
receptor (CAR), peroxisome proliferator-activated receptor (PPAR), liver X receptor (LXR), 
glucocorticoid receptor(GR) and vitamin D receptor(VDR) [74-76].  

Recently, Lactobacillus acidophilus ATCC 4356 could act as a liver X receptor (LXR) receptor 
agonist and inhibited the cellular uptake of micellar cholesterol in Caco-2 cells [77]. A 
similar study conducted with Yoon et al using a combination of L. rhamnosus BFE5264 and L. 
plantarum NR74 also showed a up-regulating the expression of LXR and promotion of 
cholesterol efflux in Caco-2 cells [78]. This is identical to effect of bile acid sequestrants drug 
which can also induce an increase of LXR activity in liver[79]. 

As we all known, PPARs play a key role in inflammation and blood glucose metabolism. 
Some studies have indicated that probiotic regulated the expression of PPARs in 
experimetal inflammatory model [80]. In fact, PPARs is also a target gene of energy 
homeostasis and adipogenesis [81]. Linked to ApoE gene transcription, PPAR-γ need LXR 
pathway for regulating adipocyte triglyceride balance [82]. Avella et al reported that dietary 
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probiotics could modify the expression of PPAR-α, PPAR-β, VDR-α, RAR-γand GR in a 
marine fish, suggesting extensive crosstalk among NRs activated by probiotic [83]. 
Concerning about NRs and lipid metabolism linked with probiotic, Aronsson et al observed 
that L. paracasei F19 could reduce the fat storage associated with the drastic changes of 
PPARs [84]. One most recent study by Zhao et al have also demonstrated probiotic 
Pediococcus pentosaceus LP28 could also acted as a PPAR-γ agonist concomitantly with the 
great reduction of triglyceride and cholesterol in obese mice [85]. 

6.2. Toll-like receptors 

As important pattern recognition receptors, TLRs participate in distinguishing and 
recognizing a range of microbial components such as peptidoglycan (TLR2) and LPS (TLR4) 
to activiate immune responses [86]. Up to date, the relationship between TLRs and lipid 
metabolism is mainly from two aspects. On one hand,TLRs signaling can directly contact 
and interfere with cholesterol metabolism in macrophages [87]. On the other hand, TLRs 
signaling (mainly TLR4) are involved in interaction LPS with fatty acid, lipoprotein and 
organ injury(especially liver and intestine). There is evidence that low dose of LPS can boost 
de novo fatty acid synthesis and lipolysis and lipoprotein production in liver which leading 
to hepatic hypertriglyceridemia [88]. In mice, moderately higher LPS level could be 
increased by a fat-enriched diet and contributed to low grade inflammation [34]. In rabbits, 
high cholesterol intake plus with low dose LPS accelerated the development of 
atherosclerosis [89]. These two studies are considered as the result of crosstalk between LPS 
and TLRs leads to intestinal mucosal injury associated with inflammatory response. Besides, 
foam cell formation in atherosclerosis has been shown to be mediated by TLR2 and 4 and 
other TLRs such as TLR3, 7, and 9 may also participate in atherosclerosis [90] [91]. 

TLR4 appears to be tightly linked to high-fat intake, LPS and inflammation. Probiotics are 
known to reduced LPS-containing gram-negative organisms (such as E. coli) in the gut and 
influx of LPS into circulation [92] [93]. A great number of probiotics are also able to 
specically modulate the NF-κB pathway (one of most important inflammatory pathways)in 
intestinal epithelial cells and macrophages [94].  

Due to TLR4 deficiency with anti-obesigenic effects and susceptible to colitis, little 
information about influence of probiotic on lipid metabolism is obtained in TLR4 knockout 
model whereas protective effect of probiotic VSL#3 from inflammation was observed in 
TLR4 knockout mice [95] [96]. With regard to the role of TLR4 in the development of 
metabolic disorders, Andreasen et al have considered that L. acidophilus NCFM may reduce 
overow of LPS from the gut to the circulation and downregulate the TLR4 signalling and 
pro-inammatory cytokines in human subjects [97]. 

Immunity homeostasis also have important effect on lipid metabolism. In general, it is well 
accepted that probiotic bacteria are able to maintain the Th1 and Th2 banlance of immunity 
through regulating pro-inflammatory and anti-inflammatory cytokines [98]. In addition, 
Agrawal et al documented that TLR2-derived signaling mainly enhance Th2-cytokine 
release, while TLR4 triggered by LPS stimulates Th1-type responses [99]. Interestingly, 
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Voltan et al found that L. crispatus M247 could increase TLR2 mRNA level and reduced 
TLR4 mRNA and protein levels in the colonic mucosa, suggesting that L. crispatus M247 
maintain the Th1 / Th2 homeostasis through TLR2 / TLR4 banlance [100]. 

6.3. G protein-coupled receptors 

It has been well-established that probiotic bacteria exert benecial effects on the intestine 
especially the antimicrobial property by producing organic acids or regulating the organic 
acid-producing flora [93]. It has been also reported that GPR41 and GPR43 can be activated 
by short-chain fatty acids(SCFAs)[101]. Thus, it is possible that probiotic may affect GPRs 
through production of SCFAs in gut. However, this relationship among these have not yet 
been well-established. Study performed in Gpr41-deficient mice under germ free or 
conventional environment revealed that present of microflora was associated with harvest 
of short-chain fatty acids from the diet which control the degree of adiposity [102]. 

By our knowledge, only one study has investigated the effect of prebiotic which can 
specifically increase intestinal probiotic bifidobacteria on GPR43 expression through 
modified lipid profile [103]. Using a high-fat fed rodent model, the authors studied the 
effects of prebiotic on changes of microflora, adipose fatty acid profile and receptors 
expression. High fat diet is able to increase GPR43 and TLR4 expression as well as PPAR-γ 
expression due to oleic acid and α-linolenic acid production, while prebiotic decreases 
GPR43 and TLR4 overexpression. 

7. New mechanisms exploration 

In the past recent years, new mechanisms of probiotics on lipid metabolism were proposed. 
A research by Khedara et al showed lower nitric oxide level has been responsible for 
hyperlipidemia since endogenous nitric oxide can reduce fatty acid oxidation [104]. Some 
probiotics had ability to induce nitric oxide synthesis through activation of inducible nitric 
oxide synthase [105] [106]. Thus, modied NO availability by probiotics play an important 
role in lipid metabolism.  

Moreover, Tanida et al demonstrated that Lactobacillus paracasei ST11 could increase adipose 
tissue  lipolysis through enhancing the autonomic nerve activity [107]. In liver, probiotics 
also exhibited lipid-reducing effects [108]. Ma et al demostrated that VSL#3 probiotics could 
increase hepatic NKT cell numbers to attenuate high fat diet-induced steatosis [109]. Huang 
et al found that L. acidophilus 4356 could downregulate the Niemann-Pick C1-Like 1 
(NPC1L1) level in the duodenum and jejunum of high-fat fed rats [110]. Another recent 
study by Aronsson et al revealed a new mechanism of Lactobacillus paracasei F19 to reduce fat 
storage by up-regulating levels of Angiopoietin-Like 4 Protein (ANGPTL4) in mice [84]. 

Omics technology provide a new insight into the mechanisms of lipid metabolism 
influenced by probiotics. Lee et al demostrated that gene ccpA (encodes catabolite control 
protein A) had function in cholesterol reduction in vivo by comparation of cholesterol-
reducing strain L. acidophilus A4 and the BA9 mutant strain with no lipid-lowering effect 
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[111]. In addition, six main different expressed proteins involved in these two different 
strains in vitro were identified by proteomic analysis including transcription regulator, 
FMN-binding protein, major facilitator superfamily permease, glycogen phosphorylase, 
YknV protein, and fructose/tagatose bisphosphate aldolase. 

Microarray analysis of probiotic L. casei Zhang effect on liver of high fat diet-fed rats 
revealed that L. casei Zhang administration promote the β-oxidation of fatty acid metabolism 
through up-regulating five genes expression (Acsl1, Hadh, Acaa2, Acads, and gcdH). 
Moreover, L. casei Zhang could strongly activate expression of glucocorticoid receptor 
(NR3C1 gene) which might be related to protect against high-fat induced low grade 
inflammation [112]. 

Recently, small intestinal proteomes in weanling piglets that respond differently to probiotic 
(Lactobacillus fermentum I5007) and antibiotic (Aureomycin) supplementation in terms of 
lipid metabolism have shown that probiotic enhanced mucosal SAR1B abundance could 
prevent weanling piglets from fat malabsorption. More importantly, high mucosal 
abundance of EIF4A and KRT10 in probiotic-treated piglets may contribute to improve 
overall gut integrity, suggesting a potential reduction of LPS influx [113]. 

8. Conclusion 

In conclusion, probiotic is a better prevention and treatment strategy for regulating lipid 
homeostasis with the high prevalence of obesity, burden of amazing overweight and 
developing chronic diseases in the modern world. Despite the fact that people too pay 
attention to the thin result to neglect the drug side effect, probiotic can avoid this to achieve 
a healthy weight. Enhancing bile acids enflux and gut cholesterol assimilation was 
considered as the classic theory for cholesterol-reducing probiotics. Nevertheless, rencent 
studies focus on antioxidant activity and interaction with lipoprotein, hormones and the 
whole microbiota.  Besides, crosstalk among NRs, GPRs and TLRs by probiotics is new 
frontiers for mechanical research. However, further investigations are needed to identify 
various responses related to lipid metabolism influenced by probiotics. 
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Voltan et al found that L. crispatus M247 could increase TLR2 mRNA level and reduced 
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