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ABSTRACT 

 

Lipids and their constituent fatty acids are, along with proteins, the major organic constituents of fish, and 

they play major roles as sources of metabolic energy for growth including reproduction, and movement 

including migration. Furthermore, the fatty acids of fish lipids are rich in ω3 long chain, highly unsaturated 

fatty acids (n-3 HUFA) that have particularly important roles in animal nutrition, including fish and human 

nutrition, reflecting their roles in critical physiological processes. Indeed, fish are the most important food 

source of these vital nutrients for man Thus, the long standing interest in fish lipids stems from their 

abundance and their uniqueness. This review attempts to summarise our present state of knowledge of 

various aspects of the basic biochemistry, metabolism and functions of fatty acids, and the lipids they 

constitute part of, in fish, seeking where possible to relate that understanding as much to fish in their natural 

environment as to farmed fish.  In doing so, it highlights the areas that require to be investigated in greater 

depth and also the increasing application of molecular technologies in fish lipid metabolism which will 

fascilitate further advances through molecular biological and genetic techniques including genomics and 

proteomics.  
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1. Introduction 

    

The long standing interest in fish lipids stems from the important roles lipids play in the life histories 

and physiology of fish. Lipids and their constituent fatty acids are, along with proteins, the major organic 

constituents of fish, with carbohydrates being quantitatively much less prominent in fish.  Indeed the lipid 

(oil) content of fish can markedly exceed the protein content.  This reflects the major role lipids and 

specifically their constituent fatty acids play as sources of metabolic energy in fish, for growth including 

reproduction and movement including migration. Moreover, the fatty acids of fish lipids are rich in long 

chain, highly unsaturated fatty acids (HUFA) that have particularly important roles in animal nutrition, 

including fish and human nutrition, reflecting their particular roles in critical physiological processes. 

Indeed, fish are the most important food source of these vital nutrients, ω3 fatty acids (n-3HUFA), for Homo 

sapiens.  Thus, the long standing interest in fish lipids stems from their abundance and their uniqueness. 

However, a major impetus in the last two decades in studying marine lipids has been the needs of the 

developing aquaculture industry to understand the lipid nutritional requirements of farmed fish so as to 

optimise farmed fish production.  The lipid nutritional requirements of fish have been recently reviewed 

(Sargent et al., 2002) so that nutrition will not be a major feature of the present article.  Rather it will attempt 

to summarise our present state of understanding of aspects of the basic metabolism and functions of fatty 

acids, and the lipids they constitute part of, in fish, seeking where possible to relate that understanding as 

much to fish in their natural environment as to farmed fish.  This account will draw on various reviews on 

marine lipids, fish lipid metabolism and nutrition published by our laboratory over the last 15 years 

(Henderson and Tocher, 1987; Sargent et al., 1989, 1990, 1993a,b, 1995a,b,c,d, 1997, 1999a,b, 2002; 

Sargent, 1995a,b, 1997; Sargent and Henderson, 1995; Tocher, 1995; Henderson, 1996; Bell, 1998; Sargent 

and Tacon, 1999).   

As with all molecules, a full appreciation of the roles of fatty acids and lipids in biological systems 

requires an understanding of their chemistry, which can be summarised as follows. Lipids can be defined as 

compounds soluble in organic solvents usually containing fatty acids esterified to alcohol groups in the case 

of the glycerides, and to amino groups in the case of the sphingolipids.  Animal lipids, including fish lipids, 

can be divided into two groups, polar lipids composed principally of phospholipids and neutral lipids 

composed principally of triacylglycerols (triglycerides). At ambient temperature, triacylgycerols can be 

either solid, in which case they can be termed fats, or liquid, in which case they can be termed oils. Fish 

triacylgycerols are invariably oils.  

Fatty acids are designated on the basis of their chain lengths, degree of unsaturation (number of 

ethylenic or “double” bonds) and the position of their ethylenic bonds (Fig.1). Thus, 14:0 and 16:0 designate 
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fatty acids with 14 and 16 carbon atoms respectively and with no ethylenic bonds. 18:1n-9 and 18:1n-7 

designate fatty acids with 18 carbon atoms whose single ethylenic bonds are, respectively, 9 and 7 carbon 

atoms from the methyl end of the molecule (Fig.1).  In an alternative nomenclature, 18:1n-9 and 18:1n-7 can 

be written as 18:1Δ9 and 18:1Δ11, respectively, with Δ signifying the position of the ethylenic bond from the 

carboxyl end of the molecule.  Ethylenic bonds in fish are nearly always in the cis rather than the trans 

configuration, although fatty acids with trans ethylenic bonds occasionally occur, e.g. elaidic acid, the trans 

isomer of 18:1n-9. 

Polyunsaturated fatty acids (PUFA) contain two or more ethylenic bonds, with the ethylenic bonds 

generally interrupted by a single methylene (CH2) group to generate  “methylene – interrupted cis dienoic” 

structures.  Consequently, the entire structure of a particular PUFA can be defined by specifying the position 

of the first ethylenic bond relative to the methyl terminus.  Thus, in 18:3n-3 (equivalent to 18:3ω3) the first 

ethylenic bond is situated three carbon atoms from the methyl end of the molecule, 18:3n-3 representing 

18:3Δ9,12,15 (Fig.1). Equally, 20:5n-3 represents 20:5Δ5,8,11,14,17 and 22:6n-3 represents 

22:6Δ4,7,10,13,16,19. The n- nomenclature is more convenient and more commonly used than the more 

precise but more cumbersome Δ nomenclature, although the Δ nomenclature is generally used for specifying 

fatty acid desaturase activities. Thus, fatty acid desaturases that introduce ethylenic bonds five or six carbons 

from the carboxyl end of the molecule are termed Δ5 and Δ6 desaturases, respectively. This nomenclature is 

used for fatty acid desaturases because these enzymes have traditionally been considered to recognise, and 

therefore to “count” from, the carboxyl terminus of the fatty acid. This is the case with most desaturases 

such as the cyanobacterial Δ12 desaturase which always inserts the ethylenic bond 12 carbons from the 

carboxyl terminus (Higashi and Murata, 1992).  However, the same authors showed that the “Δ15” 

desaturase in cyanobacteria always inserted the ethylenic bond 3 carbons from the methyl terminus making 

this enzyme a true n-3 desaturase (Higashi and Murata, 1992).  

Fatty acids may also have a trivial English name such as palmitic acid (16:0), oleic acid (18:1n-9) 

and α-linolenic acid (18:3n-3), often reflecting their first isolation from palm, olive and linseed oils, 

respectively.  In this respect, the fatty acids gadoleic (20:1n-11) and cetoleic (22:1n-11) have trivial names 

that reflect their marine origin cod fish (Gadus morhua) and whale fat.  Slightly more formalised, and useful, 

are their Greek-Latin names such as eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 

22:6n-3) which reflect the numbers of carbon atoms  (20 and 22) and ethylenic bonds (5 and 6) they contain. 

The predominant saturated fatty acids that occur naturally in animal fats including fish lipids are 16:0 

and 18:0 although a range of chain lengths from C12 to C24 can be found. However, phosphoglycerides that 

constitute animal cell membranes seldom contain significant amounts of saturated fatty acids other than 

16:0, 18:0 and to a lesser extent 20:0, this restriction reflecting the relatively invariant geometry (width) of 
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the phosphoglyceride – rich bilayers.  Monounsaturated fatty acids also occur naturally in chain lengths from 

about C14 to C24 but, although they are characterised by having a single unsaturated bond, the position of the 

ethylenic bond within the carbon chain can vary even within a specific chain length, so that there are 

considerably more species of monousaturated fatty acids than saturated fatty acids. Again, 

phosphoglycerides seldom have chain lengths other than C16, C18 and to a lesser extent C20.  However, 

sphingolipids are commonly rich in nervonic acid, 24:1n-9. Nonetheless, the predominant monounsaturated 

fatty acids in most lipids are 18:1n-9 and 16:1n-7.  However, abundant fatty acids in many fish 

triacylglycerols are 20:1n-9 and 22:1n-11 which are derived from the corresponding 20:1n-9 and 22:1n-11 

fatty alcohols in zooplanktonic wax esters (Ackman, 1989). 

Marine organisms, especially algae, can contain a plethora of PUFA of chain lengths C16 (with 2-4 

ethylenic bonds), C18 (with 2-5 ethylenic bonds), C20 (with 2-5 ethylenic bonds) and C22 (with 2-6 ethylenic 

bonds) (Sargent et al., 1995c). These PUFA are generally of the n-3 series, although representatives of the n-

6 and, in the case of C16 PUFA, the n-1, n-4 and n-7 series also occur (Ackman, 1989). However, in fish the 

main PUFA to be considered are 20:4n-6 (arachidonic acid, AA) and its metabolic precursor 18:2n-6 

(linoleic acid, LA), together with 20:5n-3  and 22:6n-3 and their metabolic precursor 18:3n-3 (α-linolenic 

acid, LNA). Another term in common usage, often without proper definition, is HUFA, which, in this 

laboratory at least, we define as highly unsaturated fatty acids having carbon chain lengths of ≥ C20 and with 

≥ 3 ethylenic bonds. 

Triacylglycerols constitute a major class of neutral lipid and consist of three molecules of fatty acids 

esterified to the three alcohol groups of glycerol (Fig.2A). When esterified, these positions are termed sn1, 

sn2 (middle position) and sn3 due to the asymmetry induced by the enzymatic esterification.  A single fatty 

acid may be esterified to all three positions of the glycerol, e.g. as in trioleoylglycerol, or two different fatty 

acids may be esterified as in dioleoyl – monopalmitoyl glycerol, or three different fatty acids may be 

esterified as in oleoyl-linoleoyl-palmitoyl glycerol.   In fish lipids, generally saturated and monounsaturated 

fatty acids are preferentially located in the sn1 and sn3 positions, whereas PUFA are preferentially located in 

the sn2 position . However, many exceptions exist to this general rule, e.g. tridocosahexaenoyl  (tri 22:6n-3) 

glycerol can be a major component of the triacylglycerols in the eye lipids of some fish (e.g. Nicol et al., 

1972). 

Wax esters constitute another class of neutral lipid consisting of a single molecule of a fatty acid 

esterified to a single molecule of a fatty alcohol (Fig.2B). This lipid class is very abundant in marine 

zooplankton, particularly in calanoid copepods and in euphausiids (red feed and krill, respectively) which 

form major natural foods for many species of marine fish. Wax esters can also be present in considerable 

amounts in the body tissues and eggs of some fish species. The fatty acids of marine wax esters can be of a 

variety of chain lengths and can be saturated, monounsaturated or polyunsaturated.  However, the fatty 



 6 

alcohols are generally saturated or monounsaturated and, in the case of high latitude marine zooplankton, the 

alcohol moieties can be very rich in 20:1n-9 and 22:1n-11 structures. Wax esters are converted to 

triacylglycerols during the process of digestion and absorption in the intestinal tissue of zooplanktonivorous 

fish. Thus, the large amounts of 20:1n-9 and 22:1n-11 fatty acids in the triacylglycerols of many  fish oils 

from the northern hemisphere, i.e. sand eel, herring and capelin oils, are derived directly from the oxidation 

of the corresponding fatty alcohols ingested from zooplankton wax esters (Sargent and Henderson, 1995). 

These fatty acids are present in much lower percentages in fish oils from the southern hemisphere, most 

notably anchovy oils, which are correspondingly richer in n-3 PUFA, especially 20:5n-3 (Sargent and 

Henderson, 1995). 

Phosphoglycerides are a major class of polar lipid characterised by a common backbone of 

phosphatidic acid, which is L-glycerol 3-phosphate containing two esterified fatty acids (Fig.2C).  Saturated 

and monounsaturated fatty acids are preferentially esterified on position sn-1 of the L-glycerol 3-phosphate 

with PUFA preferentially esterified on position sn-2. However, as with triacylglycerols, there are many 

exceptions to this generalisation, i.e. the di-docosahexaenoyl phosphoglycerides that are abundant in the 

retina of fish, specifically in rod outer membrane segments (Bell and Tocher, 1989; Bell and Dick, 1991). 

Phosphatidic acid is esterified to the “bases” choline, ethanolamine, serine and inositol to form the major 

phosphoglycerides of animal including fish tissues, viz. phosphatidylcholine  (PtdCho), 

phosphatidylethanolamine (PtdEtn), phosphatidylserine (PtdSer) and phosphatidylinositol (PtdIns) (Fig.3). 

Phosphoglycerides are the most common of the phospholipids, a term often mistakenly equated with  

phosphoglycerides. Phospholipid is a more general term comprising all lipids containing phosphorus 

including sphingomyelin. 

Sphingolipids are a group of complex polar lipids that contain as their backbone the long chain amino 

alcohol sphingosine, or a related base.  In sphingolipids, a long chain, generally saturated or 

monounsaturated fatty acid, e.g. 24:1n-9, is linked to the amino group of sphingosine to form a ceramide, 

and different polar head groups are attached to sphingosine’s primary alcohol group. For example, 

sphingomyelin contains phosphocholine esterified to the alcohol group of sphingosine (Fig.4A). An 

important group of sphingolipids are the cerebrosides in which the alcohol group of the sphingosine is linked 

to one or more sugars including glucose and galactose (Fig.4B).   

The most important simple lipid (i.e. a lipid not containing fatty acids) in all animals including fish is 

cholesterol (Fig.5).  This is the most common of the tetracyclic hydrocarbon compounds, collectively called 

sterols, and can exist unesterified as an essential component of cell membranes or in a neutral lipid storage 

form esterified to a fatty acid. 

 

2. Digestion, Absorption and Transport   
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As noted above, marine animals can contain very large levels of lipid in the form of oil. For example, 

many high latitude zooplankton can routinely contain two thirds or more of their dry body weight as oil, 

largely wax esters. Capelin (Mallotus villosus) can routinely contain 20% or more of their wet body weight 

as oil, largely triacylglycerols. It is self evident, therefore, that fish consuming such oil – rich prey, e.g. 

capelin consuming zooplankton, or cod or salmon consuming capelin, are capable of efficiently digesting 

and assimilating large quantities of lipid, and often of depositing large quantities of oil in their body tissues. 

In general, however, lipid digestion, absorption and transport in fish is similar to that in mammals (see 

Sargent et al., 1989).  Nonetheless, the complexity of the intestinal tract and marked anatomical differences 

between different species of fish, including highly variable numbers of pyloric caeca and the presence or 

lack of a discrete pancreas, have made this a challenging area for metabolic and enzymic studies. However, 

there has been increasing interest in this area in recent years that has been reflected in some substantial 

advances (Koven et al., 1994a,b, 1997; Olsen and Ringoe, 1998; Olsen et al., 1998, 1999).   

 

2.1 Digestion 

Lipolytic activity in fish is generally greatest in the proximal part of the intestine and the pyloric caeca 

if present, but can extend into the lower parts of the intestine with the activity deceasing progressively.  

Exceptions do occur though, as lipolytic activity is higher in the distal part of the intestine in turbot 

(Scophthalmus maximus) and plaice (Pleuronectes platessa)  (Koven et al., 1994a; Olsen and Ringo, 1997). 

This may be an adaptation to a short digestive tract with few pyloric caeca as in turbot, although plaice have 

numerous pyloric caeca.    Low lipolytic activity has also been found in the stomach of several fishes but 

Olsen and coworkers have shown that stomach lipases do not contribute significantly to lipid digestion in 

Arctic charr (Salvelinus alpinus) and cod (Olsen and Ringo, 1997), and so the physiological significance of 

gastric lipolytic activity in fish is unclear. 

The pancreas or hepatopancreas is generally assumed to be the major source of digestive lipase 

enzymes in fish as it is in mammals (Kapoor et al., 1975; Fange and Grove, 1979).   However, digestive 

lipases may also be secreted by the intestinal mucosa as several studies have found high lipase activity in 

mucous layers or intestinal segments of many fish species, although these lipase activities may actually be of 

pancreatic origin, resulting from adsorption of the pancreatic enzyme into the intestinal mucosa (Fänge and 

Grove, 1979; Smith, 1989a). However, in African catfish (Clarius gariepinus) and grass carp 

(Ctenopharyngodon idella), lipase activity was found in intestinal segments even after 48 and 24 hours 

starvation, respectively (Ghosh, 1976; Das and Tripathi, 1991). Other evidence, including that of substrate 

specificities, supports the view that intestinal cells can actively secrete lipolytic enzymes (Borlongon, 1990; 

Uematsu et al., 1992; Koven et al., 1994a). The lipolytic activity found in stomach is unlikely to be of 
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pancreatic origin, suggesting that this tissue is also a source of lipases, and a bacterial origin for some 

lipolytic activities in the digestive tract of fish cannot be excluded (Olsen and Ringo, 1997). 

 

2.1.1. Triacylglycerol lipases. Triacylglycerol is a major lipid class in the diet of marine fish and is 

generally the predominant lipid class in the diet of freshwater fish. In mammalian gut, triacylglycerol 

hydrolysis is effected by two main lipases, the pancreatic lipase-colipase system (EC 3.1.1.3) and the less 

specific bile salt-activated lipase (EC 3.1.1.1).    

Evidence points to the presence of a bile salt-activated lipase in teleost fish.  Stimulation of lipolytic 

activity in intestinal extracts by bile salts has been shown in many marine and freshwater fish (Olsen and 

Ringo, 1997).  Other studies that have shown lipolytic activity in the absence of bile salts were usually 

carried out on crude extracts that were undoubtedly contaminated by bile salts. Tocher and Sargent (1984a) 

found that lipase activity in rainbow trout (Oncorhynchus mykiss) pyloric caecal extracts largely disappeared 

upon removal of bile salts by dialysis, was restored by exogenously added bile salts, and porcine colipase 

was unable to prevent the inhibition of lipolytic activities by cholate. Similarly, lipolytic activity in Atlantic 

salmon (Salmo salar) pyloric caeca had high specific activity in the presence of bile salt, and also 

hydrolysed 4-nitrophenyl esters suggesting that the main triacylglycerol lipase in salmon is also a bile salt-

activated lipase (Olsen and Ringo, 1997). Supporting this, a cDNA sequence showing 58% identity with 

mammalian bile salt-activated lipase was cloned from Atlantic salmon pancreas (Gjellesvik et al., 1994). A 

lipase from turbot pancreatic tissue showed very similar catalytic properties to that of the salmon bile salt-

activated lipase (Olsen and Ringo, 1997).  Activity of the turbot enzyme in crude extracts towards triolein in 

the absence of exogenous bile salts was only 30% of maximum activity and no activity was found in purified 

extracts.   In larval turbot the bile salt-dependent activity was present from hatching and its synthesis was 

stimulated by the ingestion of prey (Hoehne-Reitan et al., 2001a,b). Bile-salt activated lipase has also been 

purified and characterised from the hepatopancreas of red sea bream (Pagrus major) (Iijima et al., 1998).  

However, the best characterised bile salt-activated lipase is from cod.  Studies had indicated that the lipolytic 

activity in cod intestinal fluid was stimulated by bile salts and subsequently a bile-salt activated lipase from 

cod pyloric caeca was purified and extensively characterised (Gjellesvik, 1991a,b; Gjellesvik et al., 

1989,1992).  The enzyme was reportedly very similar to human bile salt-dependent lipase with only minor 

differences in fatty acid specificity (Gjellesvik, 1991b). 

In contrast, evidence for a pancreatric lipase-colipase system in fish is sparse.  In rainbow trout, an 

enzyme similar to pancreatic lipase was described based on activation by porcine colipase and a crude trout 

colipase preparation (Leger et al., 1977,1979). However, unlike mammalian pancreatic lipase, the trout 

enzyme had relatively low specific activity and level of colipase activation, its optimum activity required 

bile salts and it could hydrolyse unsaturated fatty acids in the sn-2 position (Leger et al., 1977; Gjellesvik, 
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1991a).    Consequently, the presence of two lipolytic enzymes in trout was postulated by Leger (1985) with 

Tocher and Sargent (1984a) suggesting that one enzyme predominantly hydrolysed triacylglycerol and the 

other predominantly hydrolysed wax and steryl esters.  Overall, the data suggest that rainbow trout possess 

at least one bile salt-activated lipase, but the presence of a pancreatic lipase-colipase cannot be excluded. In 

an earlier study, a lipase that did not require bile salts for activity was reported in top minnow (Triportheus 

sp.) and it was suggested that it may be a true pancreatic lipase (Patton et al., 1978).  However, it was in an 

acetone extract from mesenteric fat although, based on its high activity, the authors ruled out 

misidentification of adipose tissue lipase.  A lipase that hydrolysed triolein in the absence of bile salts was 

also purified from sardine (Sardinella longiceps) hepatopancreas but inhibition by bile salts and colipase 

stimulation were not studied (Mukundan et al., 1985). 

Substrate and positional specificities vary between different species and studies.  Early studies 

indicated that lipolytic activity in cod intestinal fluid may give complete hydrolysis of triacylglycerol to free 

fatty acids and glycerol (Lie and Lambertsen, 1985; Lie et al., 1987).  However, the purified cod bile salt-

dependent lipase possessed 1,3-specificity towards triacylglycerol, but also hydrolysed cholesteryl ester 

(Gjellesvik, 1991b; Gjellesvik et al., 1992). The positional specificity of the salmon bile salt-dependent 

lipase is unknown, but in vivo feeding studies suggest that complete hydrolysis to free fatty acids and 

glycerol is possible (Sigurgisladottir et al., 1992). The lipase purified from sardine hepatopancreas was 1,3-

specific and had relatively high activity towards tributyrin as well as triolein (Mukundan et al., 1985).  Two 

lipase activities were reported in crude extracts from turbot gut contents; a 1,3-specific activity producing 

mainly free fatty acid and monoacylglycerol in the fore-gut, whereas the hind gut contained a non-specific 

lipase producing mainly free fatty acid and glycerol (Koven et al., 1994a,b).  A lipase from hepatopancreas 

of common carp (Cyprinus carpio) was purified tenfold but the triacylglycerol hydrolase activity, assayed 

without bile salts, could not be separated from wax ester hydrolase and esterase activities, suggesting that 

they may all be due to one enzyme protein (Kayama et al., 1979).  

Although studies are difficult to compare due to the wide range of substrate preparations and 

experimental conditions used, overall the data suggest that a bile salt-activated lipase is the main lipolytic 

enzyme in teleost fish, whereas the existence of a pancreatic lipase-colipase system is less certain.   Of 

course, other lipases may yet be discovered and characterised. This may partly explain why the enzymes 

purified from trout, cod and turbot have 1,3-specificity, whereas in crude extracts or in vivo studies these fish 

as well as species like Atlantic salmon, Arctic char, striped bass (Morone saxatilis), anchovy (Engraulis 

mordax), pink salmon (Oncorhynchus gorbuscha) and speckled char (Salvelinus fontinalis) appear to effect 

complete hydrolysis of triacylglycerols to free fatty acids (Olsen and Ringo, 1997). 
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2.1.2. Phospholipases. Phospholipids, particularly phosphoglycerides, form a substantial part of the 

dietary lipid in fish but there are relatively few studies on the intestinal digestion of phosphoglycerides. It is 

presumed that the mechanisms in fish are generally similar to those in mammals.  Thus, dietary 

phosphoglycerides are presumably digested by pancreatic or intestinal phospholipases resulting in the 

formation of 1-acyl lyso-glycerophospholipids and free fatty acids that are absorbed by the intestinal 

mucosal cells (Henderson and Tocher, 1987; Sargent et al., 1989).  Phospholipase A2 activity in carp 

hepatopancreas was found to be distributed in all subcellular fractions, with the highest activity located in 

the 10,000 x g supernatant (Mankura et al., 1986).  The activity was dependent upon Ca2+- and bile salt, 

consistent with a pancreatic enzyme, but had a conflicting acidic pH optimum of 5.0.  Whether this 

phospholipase activity reflected an intestinal activity or an intracellular phospholipase was unclear.  

Phospholipase A2 activity was also shown in intestinal cells of red sea bream by immuno-histochemical 

staining, but it was unclear whether this enzyme was secreted into the lumen or membrane bound (Uematsu 

et al., 1992). In a later study, two distinct phospholipase A2 isoforms were purified from red sea bream 

hepatopancreas and characterisation confirmed them as low molecular weight, Ca2+-dependent group I 

(secretory) forms (Ono and Iijima, 1998).  In a study of whole striped bass larvae, phospholipase A2 activity 

was observed, but whether the activity was located in the intestine or body mass was difficult to ascertain 

(Ozkizilcik et al., 1996).  However, digesta from turbot rectum was shown to hydrolyse phosphatidylcholine, 

although at slower rates than triacylglycerol and sterol esters (Koven et al., 1994a). 

 

2.1.3. Other lipolytic activities.   It is not clear if fish possess a specific wax ester hydrolase since no 

specific enzyme has been purified or characterised. For instance, wax ester hydrolase activity could not be 

separated from triacylglycerol hydrolase in carp hepatopancreas (Kayama et al., 1979). In addition, the 

substrate specificities of triacylglycerol lipases in fish suggest that this enzyme activity will hydrolyse wax 

esters, although at a much slower rate than triacylglycerols.  The bile salt-activated lipase found in teleost 

fish may be more specific for hydrolysing wax esters than pancreatic lipase (Patton et al., 1975), as has been 

indicated more recently (Gjellesvik, 1991a,b; Gjellesvik et al., 1989,1992).   Whatever the enzyme 

responsible, wax ester hydrolysis has been demonstrated in many species of fish and the presence of free 

fatty alcohols derived from wax ester in intestinal contents has also suggested wax ester hydrolysis in 

rainbow trout, herring (Clupea harengus) and gourami (Trichogaster cosby) (Rahn et al., 1973; Sargent et 

al., 1979).  Wax ester hydrolysis in the digestive juice from cod showed no specificity with respect to fatty 

alcohol composition (Lie and Lambertsen, 1985), but PUFA from zooplankton wax esters were more 

extensively absorbed than 20:1n-9 and 22:1n-11 in herring, rainbow trout, spot goby (Chaparrudo 
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flavescens) and scad (Trachurus trachurus), possibly suggesting some fatty acid specificity in wax ester 

hydrolysis (Sargent et al., 1979; Prahl et al., 1985). 

Cholesteryl ester hydrolase has been reported in trout (Tocher and Sargent, 1984a) and turbot (Koven 

et al., 1994a), and fatty acid methyl esters appeared to be efficiently hydrolysed in gilthead sea bream 

(Sparus aurata) juveniles although the enzyme responsible was unclear (Ibeas et al., 2000). So-called 

“esterase” activity has been reported in gastrointestinal extracts from various marine and freshwater fish 

species (Olsen and Ringo, 1997).  In general, esterases are usually regarded as enzymes hydrolysing water 

soluble carboxylic esters, while lipases act on water insoluble neutral esters, usually in the absence of bile 

salts. The precise role(s) of esterase activities in lipid digestion is unclear, but the current understanding of 

both mammalian and fish bile salt-activated lipase suggests that it could be defined both as a lipase and 

esterase, depending on substrate used. For instance, the bile salt-activated lipase in cod hydrolysed 

triacylglycerols, 4-nitrophenyl esters and cholesterol esters (Gjellesvik et al., 1989,1992).   

  

2.2. Absorption. 

Based on the results of studies summarised above, the main products of lipid digestion in fish are free 

fatty acids produced by lipolytic action on all major lipid classes. In addition, there will be partial acyl 

glycerols, predominantly 2-monoacylglycerols, but perhaps also diacylglycerols and glycerol from the 

digestion of triacylglyerols, 1-acyl-lyso-glycerophospholipids from the digestion of phosphoglycerides, and 

cholesterol and long chain alcohols from the hydrolysis of cholesteryl and wax esters, respectively.   

The absorption of the products of lipid digestion has not been extensively studied in fish but the basic 

physical processes including bile-enhanced emulsification and transport of the hydrolysed products are 

assumed to be generally similar to that in mammals. Thus, the main hydrolytic products are solubilised or 

emulsified in bile salt micelles, followed by diffusion to the intestinal mucosa where uptake into the 

enterocytes occurs, probably mainly by passive diffusion. Absorption generally proceeds at a much slower 

rate in fish compared to mammals, as a result of lower body temperature, which strongly influences the rate 

of nutrient digestibility (Kapoor et al., 1975).  Recent studies on absorption of free fatty acids using isolated 

enterocytes from rainbow trout showed that the uptake of 20:4n-6, 20:5n-3 and 22:6n-3 was lower than that 

of 16:0, 18:1n-9, 18:2n-6 and 18:3n-3, with most of the fatty acids recovered in triacylglycerols, although  

the recovery of HUFA and 16:0 in phosphoglycerides was higher than that of the other fatty acids (Perez et 

al., 1999).  As in mammals, lipid absorption in fish occurs predominantly in the proximal part of the 

intestine coinciding with the highest lipolytic activity.  However, lipid can be absorbed along the entire 

length of the intestine, although, as with digestive function, in diminishing amounts. 

In the intestinal mucosal cells, the predominant fate of the absorbed free fatty acids is re-esterification 

with glycerol, partial acyl glycerols and lysophospholipids to reform triacylglycerols and phosphoglycerides 
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(Sargent et al., 1989).  Sterol and wax esters may also partly reform although free cholesterol is easily 

transported from the mucosal cells and the vast majority of fatty alcohols are oxidised to the corresponding 

fatty acid in the epithelial cells (Bauermeister and Sargent, 1979). The majority of phosphoglycerides are 

digested and absorbed via 1-acyl lyso-phosphoglyceride intermediates with re-esterification before export 

from the intestinal cells.  However, mechanisms may exist in fish intestinal mucosa for the synthesis of 

phosphoglycerides from moieties more degraded than lyso-phosphoglycerides, as studies showed that 

phosphoglyceride biosynthesis via PtdA and diacylglycerol intermediates also occurred in carp intestinal 

homogenates (Iijima et al., 1983).   

 

2.3. Transport.  

The following section summarizes the main aspects of lipid and fatty acid transport in fish, including 

lipoprotein structure and function.  The reader is directed to several earlier, and more specific, reviews that 

collectively cover extracellular lipid transport in fish comprehensively and where the early literature can be 

found if required (Fremont and Leger, 1981; Leger, 1985; Sheridan, 1988; Babin and Vernier, 1989).  

     

2.3.1. Extracellular.    Lipids are exported from the intestine in the form of lipoproteins.  The re-

esterification reactions occur primarily in the endoplasmic reticulum leading to the production of 

chylomicron - like and very low density lipoprotein (VLDL) - like particles in the lumen, as has been 

directly observed in freshwater species.  The lipid load and degree of unsaturation affects lipoprotein 

production, with high dietary lipid and PUFA leading to the production of larger chylomicrons, whereas high 

dietary saturated fatty acids result in the production of smaller VLDL particles.   In mammals, intestinal 

lipoproteins are transported from the intestine almost exclusively via the lymphatic system.  Similarly, in 

fish the majority of the intestinal lipoproteins are transported via the lymphatic system before appearing in 

the circulatory system and being delivered to the liver (Sheridan et al., 1985).  However, a portion of 

intestinal lipoproteins may be transported directly to the liver via the portal system. 

Teleosts have a major plasma protein with the approximate size, solubility and electrophoretic mobility 

of mammalian serum albumin (De Smet, 1978).  This protein presumably functions to transport free fatty 

acids in the blood from adipose tissue depots to peripheral tissues under appropriate physiological 

conditions, as it does in mammals (Sheridan, 1988).  However, analysis of an albumin-like protein from carp 

plasma showed that it contained 22% lipid of which 15% was phospholipid, predominantly PtdCho 

(Nakagawa et al., 1976).  This protein accounted for 50% of total plasma lipid in carp, with the remainder 

being transported via the lipoproteins (Nakagawa, 1979). Fish plasma contains a similar range of 

lipoproteins to mammalian plasma, namely chylomicrons, VLDL, low density lipoproteins (LDL) and high 

density lipoproteins (HDL), the latter formed, in mammals at least, by the combined actions of lipoprotein 
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lipase (LPL) and lecithin:cholesterol acyl transferase (LCAT) on LDL (Sheridan, 1988; Babin and Vernier, 

1989). The lipoproteins vary in size, structure, protein:lipid ratios and in the relative proportions of the 

different lipid classes, leading to the density differences which are used to separate and classify the different 

types. Although there are differences in detail, the general size, structure and composition of the plasma 

lipoproteins are comparable throughout the vertebrates, including fish.  Furthermore, the lipid composition 

of lipoproteins varies in detail among fish species but is grossly similar to that for mammals. Therefore, the 

proportion of total lipids and core lipids, the major neutral lipids triacylglycerol and steryl esters, decreases 

from chylomicrons through VLDL to LDL and HDL, whereas the proportion of surface components such as 

phospholipids, free cholesterol and protein, increases (Babin and Vernier, 1989).  Thus, triacylglycerols 

constitute about 85%, 52%, 22% and 11% of chylomicrons, VLDL, LDL and HDL, respectively, in trout, 

whereas phospholipids account for 8%, 19%, 27% and 32%  of the total weight of those lipoproteins (Babin 

and Vernier 1989).  Generally, similar compositions were found in serum VLDL, LDL and HDL from 

Pacific sardine (Sardinops caerulea), HDL from pink salmon and chum salmon (Oncorhynchus keta), and 

serum lipoproteins from red sea bream and sea bass (Dicentrarchus labrax) (Ando and Hatano, 1988; Iijima 

et al., 1995; Santulli et al., 1997).          

Chylomicrons are produced exclusively in the intestine but, although some VLDL can also be 

synthesized in the gut, the majority of VLDL in the plasma are synthesized in the liver.  The major enzymes 

of lipoprotein metabolism and remodelling, including lipoprotein lipase (LPL) and hepatic lipase have been 

found in fish, including both marine and freshwater species. LCAT, which catalyses the esterification of 

cholesterol using fatty acid from PtdCho, has been demonstrated in the plasma of various freshwater species.  

Lecithin:alcohol acyltransferase, which catalyzes the transfer of an acyl group from PtdCho to long-chain 

alcohols has been shown in carp plasma and may be, at least partially, responsible for the relatively high 

level of circulating wax ester reported in that species (Mankura and Kayama, 1985; Mankura et al., 1987).  

In addition, intermediate density lipoprotein (IDL), a fraction with a density between that of VLDL and 

LDL, was fractionated from trout serum (Babin, 1987).  The presence of the whole spectrum of lipoproteins, 

including IDL, and the above enzymes suggests that lipoprotein remodelling processes, as characterized in 

mammals, also occur in fish. Thus, triacylglycerols in chylomicrons and VLDL are hydrolyzed by LPL and 

hepatic lipase at peripheral tissue sites with the hydrolysis products being absorbed.  Excess surface 

constituents "bud off" as nascent HDL particles (similar to HDL3), which can also be secreted by the liver.  

Nascent HDL or HDL3 can take up free cholesterol from peripheral tissues which is then esterified by the 

action of LCAT resulting in the production of mature HDL (HDL2).  Remnants of chylomicrons and VLDL 

hydrolysis can be taken up by the liver, but further action by LPL and hepatic lipase leads to the formation of 

LDL via IDL.    
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As in mammals, the relative proportions of the plasma lipoproteins in fish can vary from species to 

species, but is a constant characteristic of each species depending upon dietary status.  Early studies in trout 

confirmed that HDL is the predominant class followed by LDL and then VLDL.  HDL was also the main 

lipoprotein class in carp (Amthauer et al., 1989), sea bass (Santulli et al., 1989), pink and chum salmon 

(Nakamura et al., 1985) and channel catfish (Ictalurus punctatus) (McKay et al., 1985). The relative 

amounts of VLDL, LDL and VLDL vary with age, nutrition and sexual cycle.  For instance, the proportions 

of the different lipoproteins were altered by starvation in carp, with VLDL being absent in starved fish, 

although the lipid compositions of LDL and HDL were not greatly altered (Iijima et al., 1989).  Surprisingly, 

VLDL disappeared rapidly after feeding in sea bass (Santulli et al., 1997).             

As in most vertebrates, PtdCho is generally the predominant phosphoglyceride class in fish 

lipoproteins although there are few data on the precise phosphoglyceride class compositions of fish plasma 

lipoproteins or the metabolism of individual phosphoglycerides. With respect to fatty acid compositions, fish 

lipoproteins generally contain higher levels of PUFA, particularly n-3 PUFA, than the corresponding 

mammalian lipoproteins.  In trout, the phosphoglyceride fractions from all lipoproteins were particularly rich 

in 16:0 and 22:6n-3, and total n-3 PUFA was higher and total n-6 PUFA lower in phosphoglycerides in 

comparison with triacylglycerols.  However, the levels of n-3 PUFA in the cholesteryl ester fractions of LDL 

and HDL exceeded those of the phosphoglycerides.  The exact fatty acid composition of fish plasma 

lipoproteins is affected by diet, both acutely, particularly with chylomicrons and VLDL after a meal, and 

chronically as seen with essential fatty acid deficiency.              

The apoprotein compositions of fish lipoproteins are similar to mammalian lipoproteins with the major 

apoproteins being apoprotein A (I and II) in HDL, apo B in LDL and mixtures of apos B, C, and E in VLDL, 

and A, B and C in chylomicrons.  Although studies are few in fish, it is likely that the apoproteins have the 

same metabolic functions including receptor binding (apos B and E) and enzyme activation (AI and LCAT; 

CII and LPL) as in mammalian systems.  Consistent with this, in trout adipose tissue LPL was activated by 

the apoprotein fraction of trout HDL (mainly AI and C) (Fremont et al., 1987).   Trout apo CII has been 

cloned and found to be a functional activator of LPL, although it was structurally quite different from 

mammalian apo CII, possibly reflecting adaptation to function at lower temperatures (Shen et al., 2000).  

Similarly, a gene has been cloned from zebrafish (Danio rerio) which, upon analysis, has been found to be 

homologous to mammalian apo E, the first report of an apo E from a non-mammalian species (Durliat et al., 

2000).  Apo E expression correlated with endogenous lipid nutrition and lipoprotein synthesis during 

development of turbot (Poupard et al., 2000).             

There are few studies on the tissue uptake of intact plasma lipoproteins in fish.  However, by analogy 

with the system characterized in mammals, specific lipoproteins can probably be taken up into tissues by two 

or three main mechanisms.  Quantitatively, the most important pathway is probably receptor-mediated 
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endocytosis via B/E and E receptors.  These are important pathways for the tissue uptake of LDL (apo B), 

VLDL and chylomicron-remnants (apo B and E) and HDL (apo E, especially in HDL1, an apo E-rich 

variant).  These receptors are found in various tissues including liver and, as in mammals, the precise tissue 

distribution varies between species. In addition, probably all the lipoproteins, but particularly LDL and 

HDL, can be taken up by tissues via non-specific pinocytosis. For instance, in liver approximately 30% of 

LDL uptake is via a non-receptor-mediated pathway.   Finally, it may be that surface components of VLDL 

and chylomicrons, including phospholipids and cholesterol, may be taken up or exchanged via direct 

interaction with the endothelial cell membranes in the tissues.   

    Another lipoprotein class in fish plasma is vitellogenin which is only found in mature oviparous 

females or estrogen-injected fish (see Wallace, 1985). Therefore, the assay of plasma vitellogenin level is 

useful in determining sexual maturity in female fish through blood sampling alone (Susca et al., 2001). 

Vitellogenin has a density higher than HDL generally containing about 80% protein and 20% lipid, and has 

also been termed very high density lipoprotein I (VHDL I).  The cDNA of the vitellogenin protein has been 

cloned from several species of fish including fathead minnow (Pimephales promelas) (Korte et al., 2000), 

tilapia (Oreochromis aureus) (Lim et al., 2001) and haddock (Melanogrammus aeglefinus) (Reith et al., 

2001). The lipid is predominantly phospholipid (about 65-70% of total lipid) and is rich in n-3 PUFA, 

particularly 22:6n-3 which accounts for 20% of total fatty acids in trout vitellogenin (Leger et al., 1981).  

Vitellogenin is synthesized in the liver and is transported to the ovary during the first stage of oogenesis 

termed vitellogenesis (Wallace, 1985). Vitellogenin is taken up intact by receptor-mediated micropinocytosis 

into the developing oocytes where it is cleaved into phosvitin and lipovitellin, phosphate- and lipid-rich 

proteins, respectively (Selman and Wallace, 1982).  Trout egg lipovitellin is composed of 77% protein and 

23% lipid with a lipid class composition similar to HDL, whereas cod roe lipovitellin had a higher lipid 

content at over 40%,  with 70% of the lipid being phosphoglycerides (Tocher, 1985).  Of the total 

phosphoglycerides in cod lipovitellin, 67% was PtdCho and 22% was PtdEth  with 4% each of PtdSer and 

PtdIns.   During the early stages of vitellogenesis, VLDL in the plasma may also be increased in response to 

estrogen (Riazi and Fremont, 1988), and may also be taken up into the developing oocytes by receptor-

mediated endocytosis (Wallace, 1985), at least in eggs with high triacylglycerol contents reflected in the 

presence of lipid droplets.  Winter flounder (Pleuronectes americanus) contains a further high density 

lipoprotein (VHDL II), originally called Pk A (So and Idler, 1987), that is taken up in vivo by the ovary of 

vitellogenic females (Nagler and Idler, 1990).     

   

2.3.2. Intracellular.    The intracellular transport of free fatty acids in mammals is facilitated by specific 

low molecular weight and highly conserved cytoplasmic proteins that bind both long-chain fatty acids and 
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other hydrophobic ligands. These fatty acid binding proteins (FABPs) are tissue specific and those from 

liver, intestine, adipose tissue, brain and heart, have been extensively characterised in mammals (Veerkamp 

and Maatman, 1995).  Several FABPs have been described from fish tissues including elasmobranch livers 

(Bass et al., 1991; Baba et al., 1999; Cordoba et al., 1999).  The FABP purified from the liver of the catfish 

(Rhamdia sapo) was more closely related to the chicken liver FABP than the FABPs of elasmobranchs or 

mammals (Dipietro et al., 1996). Intracellular FABPs were studied in various species of Antarctic fishes 

(Londraville and Sidell, 1995) and two distinct types were isolated from heart tissue, one with similarity to 

mammalian heart-type and the other similar to mammalian adipose tissue-type (Vayada et al., 1998).  A 

muscle  FABP with a molecular mass of 14,800 Da that binds fatty acids with 1:1 stoichiometry, and whose 

concentration is increased by cold acclimation, was isolated from striped bass (Londraville and Sidell, 1996).  

Muscle FABP has also been identified and characterised in Atlantic salmon (Torstensen, 2000). Recently, 

the molecular cloning and characterisation of cDNAs for the FABPs from trout heart and zebrafish intestine, 

liver and brain have been reported (Ando et al., 1998; Andre et al., 2000; Denovan-Wright et al., 2000a,b).  

The deduced protein sequence for the trout heart FABP was 75% identical to that of rat heart FABP (Ando et 

al., 1998).  The zebrafish intestine FABP was strongly expressed in the anterior intestine of larvae and 

expression correlated with the intracellular storage of lipid droplets in the enterocyte and synthesis of VLDL 

particles (Andre et al., 2000).  The zebrafish liver FABP was similar to the FABPs of catfish and chicken 

liver whereas the zebrafish brain was similar to the brain FABPs from other species (Denovan-Wright et al., 

2000a,b). These findings support the general contention that intracellular transport of fatty acids in fish is 

essentially the same as that in higher vertebrates. 

 

3. Biosynthesis  and Catabolism 

 
3.1. Lipogenesis.  

Lipogenesis is the term used to describe the biosynthetic reactions for the formation of new endogenous 

lipid. The ultimate carbon source for the biosynthesis of new lipids is acetyl-CoA formed in mitochondria 

from the oxidative decarboxylation of pyruvate (carbohydrate source) or the oxidative degradation of some 

amino acids (protein source). The key pathway in lipogenesis is catalysed by the cytosolic fatty acid 

synthetase (FAS) multienzyme complex which occurs and has been characterised in fish (Sargent et al., 

1989).  The main products of FAS are the saturated fatty acids 16:0 (palmitic acid) and 18:0 (stearic acid) 

which can be biosynthesised de novo by all known organisms, including fish (Sargent et al., 1989).  Eight 

two-carbon acetyl units are required for the biosynthesis of 16:0 with one acetyl-CoA unit serving as a 

primer and the further 7 acetyl units being carboxylated by acetyl-CoA carboxylase to malonyl-CoA before 

being combined via FAS in a series of sequential condensation steps requiring NADPH (Henderson and 
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Sargent, 1985).  Other key pathways in lipogenesis are those that generate the reducing elements, NADPH, 

including enzymes of the pentose phosphate pathway and malate dehydrogenase, with the main NADPH-

generating enzyme in fish possibly being glucose-6-phosphate dehydrogenase (Dias et al., 1999). 

        The foregoing generalisation notwithstanding, it is the case that fish that naturally consume diets rich in 

lipid, e.g. capelin and their predators, and nearly all top predator marine fish, are not likely to biosynthesise 

fatty acids de novo to any significant extent, if they do so at all.  Rather, the large lipid depots these fish 

frequently accumulate will be derived largely if not exclusively from dietary lipid.  Indeed, it might be 

hypothesised that virtually all of the lipid in marine fish originates from the phytoplankton and zooplankton 

at the base of the marine food web. This is not to say, however, that marine fish are not capable of modifying 

their dietary lipid, e.g. by chain elongating or chain shortening their dietary fatty acids. Perhaps consistent 

with this view,  it was recently shown that hepatic enzymes of lipogenesis including glucose-6-phosphate 

dehydrogenase, malic enzyme and acetyl-CoA carboxylase, showed surprisingly little response to increasing 

dietary lipid levels in turbot (Regost et al., 2001).  This may suggest that these enzymes may not have an 

important role in lipogenesis in turbot or simply that lipogenesis is not a significant pathway in this species 

at all.  The situation with freshwater fish may well be different since lipid – rich prey are much less common 

in fresh water than in the sea.  This is reflected in the substantial lipogenic activity of, e.g. rainbow trout as 

shown by the high propensity of this species to accumulate visceral fat when fed diets rich in glucose.   

       Although adipose tissue has some lipogenic capability in rainbow trout, liver is quantitatively the 

principal site of lipogenesis in the species (Henderson and Sargent, 1985).  Furthermore, in terms of carbon 

sources, the rate of fatty acid synthesis from alanine was considerably greater than that from glucose in trout 

liver suggesting that amino acids are the preferred carbon source for lipogenesis in this species, presumably 

a reflection of the high protein content and generally low carbohydrate content of the natural prey of fish in 

general, both in freshwater and in the sea. The rate of lipogenesis is regulated by a number of 

dietary/nutritional factors, especially in freshwater fish.  In particular, dietary lipid suppresses lipogenesis.  

Thus, increasing dietary lipid to protein ratios depressed lipogenesis in common carp (Shimeno et al., 1995) 

and high lipid diets decreased the activities of the lipogenic enzymes in juvenile yellowtail (Seriola 

quinqueradiata) (Shimeno et al., 1996).  Conversely, increasing dietary carbohydrate to lipid ratios increased 

lipogenesis from glucose in rainbow trout (Brauge et al., 1995).  Related to high carbohydrate diets, insulin 

was reported to be an important up-regulator of lipogenesis in trout liver (Cowley and Sheridan, 1991,1993).  

Dietary n-3HUFA themselves reduced lipogenesis and amino acid catabolism in the hepatopancreas of carp 

(Shikata and Shimeno, 1994) and FAS activity was reduced by PUFA including 18:3n-3 and especially, 

20:5n-3 and 22:6n-3 in rainbow trout hepatocytes (Alvarez et al., 2000).  High fat diets decreased the Vmax, 

specific activity and catalytic efficiency of hepatic glucose-6-phosphate dehydrogenase in rainbow trout 

(Sanchez-Muros et al., 1996).  
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3.2. Unsaturated Fatty Acid Biosynthesis  

            3.2.1 Monounsaturated fatty acids.  In addition to saturated fatty acids, all organisms including fish 

are capable of desaturating 16:0 and 18:0 to yield, respectively, 16:1Δ9 = 16:1n-7 (palmitoleic acid) and 18:1Δ9 

= 18:1n-9 (oleic acid). Desaturation of fatty acids in fish, like all animals, takes place in the endoplasmic 

reticulum of cells of particular tissues via an aerobic process utilising CoA-linked substrates and requiring 

NAD(P)H and O2, catalysed by multicomponent systems comprising NAD(P)H-cytochrome b5 reductase, 

cytochrome b5 and terminal desaturase enzymes (Brenner, 1974).  This reaction is of particular physiological 

importance in that the monounsaturated products formed (16:1n-7 and 18:1n-9) have markedly lower 

melting points (phase transition temperatures) than their saturated precursors (16:0 and 18:0). Hence Δ9 fatty 

acid desaturase provides a means of regulating the viscosity of cell membranes by altering the phase 

transition temperatures of the fatty acids in their constituent phosphoglycerides. The stearoyl Δ9 fatty acid 

desaturase (SCD) activity has been particularly well characterised and its gene cloned in several animal 

species including common carp (Tiku et al., 1996) and grass carp (Chang et al., 2001). Tiku et al. (1996)  

screened a carp hepatic cDNA library with a rat Δ9 SCD probe yielding several putative positive clones 

which were tested against cold-induced carp liver RNA samples using Northern blot analysis, and a 2.7 kb 

transcript was detected.  One of the clones had an open reading frame which encoded a 292 residue 

polypeptide with calculated molecular weight of 33.6 kDa.  The deduced amino acid sequence was 

homologous to those of rat liver, mouse liver, tick and yeast Δ9 desaturases (55%, 53%, 47% and 20%, 

respectively).  Additionally, characteristic histidine residues were also conserved and the hydrophobicity 

profile of the carp polypeptide was very similar to that of the rat. The cold-induced expression of the carp Δ9 

gene has been further studied, indicating an important role for this enzyme in cold acclimation in fish 

(Trueman et al., 2000).  A further publication from the same group described an isothermal induction of the 

Δ9 desaturase specific activity in four day-old carp hepatocyte cultures at 30°C (Macartney et al., 1996).  

The induction was linked to increased transcript levels although it was not determined whether this was due 

to increased transcript stability or increased transcription.  Addition of 5% fetal calf serum to the culture 

medium was associated with the induction but addition of oleate did not appear to produce the repression of 

transcription (Macartney et al., 1996).  

Less well studied in fish is the extent to which 16:1n-7 and especially 18:1n-9 are chain elongated to 

higher homologues, including 18:1n-7, 20:1n-9, 22:1n-9 and 24:1n-9, by the conventional microsomal 

elongation pathway that occurs in higher terrestrial mammals (see section 3.2.2).  It is known, however, that 

the 22:1n-11 fatty acid, which can be abundant in fish triacylglycerols, is derived from the corresponding 

fatty alcohol in the wax esters of zooplankton, and the same holds for the 20:1n-9 fatty acid in fish 
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triacylglycerols. The 22:1n-11 alcohol in zooplankton is considered to be derived from the corresponding 

fatty acid biosynthesised in zooplankton by a Δ9 fatty acid desaturase acting on 20:0 to generate 20:1Δ9 = 

20:1n-11, which is then chain elongated to 22:1n-11 (see Sargent and Henderson, 1995). Irrespective of the 

special origin of 22:1n-11 and 20:1n-9 fatty acids in fish oils, the extent to which the pathways of saturated 

and monounsaturated fatty acid biosyntheses, including pathways of further elongation of these fatty acids, 

occur in fish is unclear. As noted above, many species of fish, including most marine species, are very well 

supplied with fatty acids in their natural diets and, under these conditions, endogenous de novo biosynthesis 

of fatty acids including their chain elongations is likely to be repressed. It is eminently  possible, therefore, 

that all of the monounsaturated fatty acids in marine fish, including the 24:1n-9 in their sphingolipids, are 

derived preformed from their diet.  

 

3.2.2 Polyunsaturated fatty acids.   All vertebrates, including fish, lack Δ12 and Δ15 (ω3) desaturases 

and so cannot form 18:2n-6 and 18:3n-3 from 18:1n-9. Therefore, 18:2n-6 and 18:3n-3 are essential fatty 

acids in the diets of vertebrates. These dietary essential fatty acids can be further desaturated and elongated 

to form the physiologically essential C20 and C22 PUFA, 20:4n-6, 20:5n-3 and 22:6n-3 (Fig.6).  The degree to 

which an animal can perform these conversions is dependent upon the relative activities of fatty acid 

elongases and desaturases, such as Δ6 and Δ5, in their tissues, and these activities in turn are dependent on 

the extent to which the species can or cannot readily obtain the end product 20:4n-6, 20:5n-3 and 22:6n-3 

fatty acids preformed from their natural diets.  For instance, an extreme carnivore such as the cat, which can 

obtain abundant preformed 20:4n-6, 20:5n-3 and 22:6n-3 from its natural prey, appears to lack, or express 

very low Δ6 and, possibly, Δ5 desaturases (Rivers et al., 1975).  The tissues of both freshwater and marine 

fish are generally very rich in C20 and C22 fatty acids, especially 20:5n-3 and 22:6n-3, and so the origins of 

these fatty acids are of particular interest.  It is now established that the pathway biosynthesising 20:5n-3 and 

22:6n-3 from 18:3n-3 is present in rainbow trout, and probably in other species of freshwater fish. The 

pathway is complex but is now reasonably well understood and appears to be the same, at least qualitatively, 

in rainbow trout (Buzzi et al., 1996, 1997) as in rats (Voss et al., 1991) (Fig. 6).  The major features of the 

pathway in rainbow trout and rats are summarised below:- 

With one exception the reactions occur in the microsomal fraction of the liver and the same enzymes 

act on the n-3 and the n-6 fatty acid series.  However, the affinity of the enzymes, especially the desaturases, 

is higher for the n-3 than for the n-6 series. 

         The insertion of the last, Δ4, ethylenic bond in 22:6n-3 does not occur through direct Δ4 desaturation 

of its immediate precursor 22:5n-3. Rather, 22:5n-3 is chain elongated to 24:5n-3 which is then converted by 
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Δ6 desaturation to 24:6n-3 which is then converted, by a chain shortening reaction in the peroxisomes, to 

22:6n-3.  

        Whereas 22:6n-3 is the main end product of further desaturation and elongation of 18:3n-3, 20:4n-6 is 

the main end product of desaturation and elongation of 18:2n-6. However, 20:4n-6 can be further desaturated 

and elongated to 22:5n-6 to some extent, with insertion of the last Δ4 ethylenic in 22:5n-6 being achieved in 

the same manner as for 22:6n-3. The fact that fish and animals in general accumulate 22:6n-3 rather than 

22:5n-6 is possibly simply a reflection of the specificities of the enzymes involved.  As described above, the 

activities of the enzymes in the desaturation pathway are higher for the equivalent n-3 fatty acid compared to 

the n-6 substrate and also the relative activity of each step of the pathway decreases as the chain length 

increases. In combination these effects can explain why 22:6n-3 can accumulate whereas 22:5n-6 is 

produced to a much smaller extent.    

        The Δ5 fatty acid desaturation occurs at only one-step in the pathway, involving 20:3n-6 or 20:4n-3, 

whereas Δ6 fatty acid desaturation occurs at two steps, first involving 18:2n-6 or 18:3n-3 and second 

involving 24:4n-6 or 24:5n-3. It is not known whether the same Δ6 fatty acid desaturase catalyses each of 

these steps or whether different Δ6 desaturases (isoenzymes) are involved for the C18 and C24 PUFA.  

                 While all the steps in the pathway from 18:3n-3 to 22:6n-3 in Fig. 6 have so far been established 

for fish only in rainbow trout hepatocytes (Buzzi et al., 1996, 1997), there is accumulating evidence that the 

same pathway occurs in hepatocytes from Atlantic salmon (Tocher et al., 1997), Arctic charr, brown trout 

(Salmo trutta) (Tocher et al., 2001a), zebrafish (Tocher et al., 2001b), and carp cells in culture (Tocher and 

Dick, 1999).  There is also an extensive body of evidence based on direct feeding studies as well on the 

conversion of radioisotopes administered in vivo that the conversion of 18:3n-3 to 20:5n-3 and thence to 

22:6n-3 occurs in many freshwater species of fish (see Sargent et al., 1989, 1995a, 2002). Equally there is a 

large body of evidence that the conversion of 18:3n-3 to 20:5n-3 and 22:6n-3 occurs poorly if at all in those 

species of marine fish so far studied (see Sargent et al., 1989, 1995a, 2002). This difference is fundamental 

to determining the dietary essential fatty acid requirements of fish.  It reflects the fact that 20:5n-3 and 

22:6n-3 are very abundant in the marine environment, originating mainly in diatoms and flagellates, 

respectively, at the base of the food web whence they are transmitted intact via zooplankton to fish. Marine 

fish, therefore, have a luxus of 20:5n-3 and 22:6n-3 in their natural diets. In contrast, the natural prey of 

many freshwaster fish, particularly their invertebrate prey, is not rich in 22:6n-3, being rich instead in 18:2n-

6, 18:3n-3 and to a lesser extent 20:5n-3.  Thus, although freshwater fish originally evolved in the ocean they 

returned to the terrestrial biosphere (freshwater) where conversion of 18:3n-3 and 20:5n-3 to 22:6n-3 is 

necessary. Marine fish remained in an environment where such conversion is not necessary.  However, 

recent evidence with marine fish shows that their situation is more complex than appears at first sight, 
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particularly in terms of their expressing some of the enzyme activities necessary to convert C18 PUFA 

precursors to C22 PUFA products. 

        Early nutritional evidence suggested that 18:3n-3 and/or 18:2n-6 could satisfy the essential fatty acid 

requirements of freshwater fish, whereas the n-3 HUFA, i.e. 20:5n-3 and 22:6n-3, were required to satisfy 

the essential fatty acid requirements of marine fish (Yone, 1978; Watanabe, 1982; Kanazawa, 1985). Dietary 

conversion studies performed in turbot using radioactive substrates in vivo strongly suggested that this 

marine species was unable to produce 20:5n-3 and 20:4n-6 from 18:3n-3 and 18:2n-6 respectively (Owen et 

al., 1975; Cowey et al., 1976). However, these in vivo experiments were unable to locate precisely where and 

how the deficiency in the desaturation/elongation pathway occurred.  

     Cultured fish cell lines have been intensively studied to elucidate the problem (Tocher et al., 1989; 

Tocher et al., 1998). Early comparative studies with cultured cell lines of turbot (TF), Atlantic salmon (AS) 

and rainbow trout (RTG-2) established that the limited ability of turbot to convert C18 to C20 PUFA was due 

either to limited activities of the C18 to C20 fatty acid elongase, or the Δ5 fatty acid desaturase converting 

either 20:4n-3 to 20:5n-3 or 20:3n-6 to 20:4n-6 (Tocher et al., 1989; Tocher and Sargent, 1990). More 

recently, the availability of specific substrates such as [U-14C]18:4n-3, (d5)18:4n-3, [U-14C]20:4n-3 and 

(d5)20:4n-3 has further illuminated the problem. Thus, there is now compelling evidence that the turbot cell 

line has low C18 to C20 fatty acid elongating activity, whereas their Δ5 fatty acid desaturase activity is higher 

than that of the Atlantic salmon cell line (Ghioni et al., 1999).  In contrast, an established cell line from 

gilthead sea bream had active C18 to C20 and C20 to C22 fatty acid elongase activities, but had very low Δ5 

fatty acid desaturase activity (Tocher and Ghioni, 1999), as had earlier been indicated from in vivo studies 

(Mourente and Tocher, 1994).  

     These findings require to be confirmed in vivo in the species in question because there is no certainty that 

enzymes in the PUFA elongation/desaturation pathway continue to be expressed in cultured cells exactly as 

they are in vivo.  Recent advances in the use of stable isotope techniques, as used for determining the rate of 

22:6n-3 biosynthesis from deuterated (d5) 18:3n-3 in rainbow trout in vivo will expedite this (Bell et al., 

2001). Irrespective, the results establish that both of the marine species studied have at least some activity 

for both the C18 to C20 fatty acid elongase and the Δ5 desaturase. This is consistent with the genes 

determining both enzymes being present in both species. Clearly, however, the expression of the genes 

differs in cultured cells from the different species. Thus, the Δ5 fatty acid desaturase gene but not the C18-C20 

elongase gene is well expressed in turbot cells. In contrast, the C18-C20 and C20-C22 elongase gene(s) but not 

the Δ5 desaturase gene is well expressed in sea bream cells. Thus, it can be deduced that the apparent 

inability of marine fish to convert 18:3n-3 to 20:5n-3 and 22:6n-3 is due not to the complete absence of the 

required genes in a particular species, but to one or more of the required genes not being sufficiently well 

expressed. The problem, therefore, may be how to switch on the recalcitrant genes rather than to introduce 
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them by genetic engineering.   In this context it is intriguing to note that all the marine species studied so far, 

whether in vivo or using cultured cells,  have an active Δ6 fatty acid desaturase. The function of this enzyme 

in species that do not readily convert 18:3n-3 to 20:5n-3 and thence to 22:6n-3 is not known.     

         Until recently and although the biochemical pathways involved in PUFA synthesis were described, 

little was known of the genes and enzymes involved and of the factors affecting their expression and 

function(s) respectively.  However, significant progress has been made recently in characterising the 

desaturases and elongases involved in PUFA synthesis (Tocher et al., 1998).  Full length cDNAs for Δ6 fatty 

acid desaturases have been isolated from the nematode worm Caenorhabditis elegans  (Napier et al., 1998), 

rat (Aki et al., 1999), mouse and human (Cho et al., 1999a).   Fatty acid Δ5 desaturase genes have been 

isolated from C. elegans (Michaelson et al., 1998; Watts and Browse, 1999) and human (Cho et al., 1999b; 

Leonard et al., 2000a). Very recently, a fatty acid desaturase has been cloned from zebrafish that has been 

shown to have both Δ6 and Δ5 desaturase activities (Hastings et al., 2001). This is in contrast to the other 

animal desaturases that have been cloned which have been shown to be either Δ6 or Δ5 desaturases, but not 

both.  The zebrafish desaturase cDNA sequence of 1590 bp encoded a protein of 444 amino acids and 

contained an N-terminal cytochrome b5 domain, a transmembrane domain and three histidine boxes, believed 

to be involved in catalysis, in common with other mammalian desaturases.  Interestingly, phylogenetic 

analysis showed that the zebrafish desaturase clustered with animal Δ6 genes rather than Δ5 genes, with the 

amino acid sequence predicted by the zebrafish open reading frame indicating that the desaturase possessed 

64% identity and 78% similarity to human Δ6 desaturase, and 58% identity and 75% similarity to human Δ5 

desaturase. The activity of the zebrafish desaturase towards n-3 substrate fatty acids was more than twice 

that towards the equivalent n-6 substrates and the Δ6 activity was twice that of the Δ5 activity.  Further 

desaturases have been cloned from rainbow trout (Seilez et al., 2001), carp, Atlantic salmon and cod 

(Hastings and Tocher, unpublished data) based on similarity with mammalian Δ6 desaturases, although these 

remain to be functionally characterised. The trout and salmon cDNAs were very similar and both encoded 

polypeptides of 454 amino acids, 10 more than other vertebrate desaturases.  The amino acid sequence 

predicted by the salmon open reading frame indicated that the desaturase candidate possessed 83% identify 

and 86% similarity to the trout desaturase and 64% identity and 80% similarity to the zebrafish Δ6/Δ5 

desaturase.     

        Considerably less attention has been paid to fatty acid elongation, particularly in terms of regulation of 

PUFA biosynthesis.  However, significant advances have been made recently.   For instance, evidence from 

enzymatic studies in the arachidonic acid-producing fungus, M. alpina, have suggested that the C18-20 

elongase, rather than Δ6 desaturase, may in fact be the rate-limiting step in the biosynthesis of 20:4n-6 in that 

organism (Wynn and Ratledge, 2000).  Fatty acid elongation is a microsomal process effected in four steps 

each catalysed by a specific enzyme. The first step is a condensation reaction of the precursor fatty acyl 
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chain with malonyl-CoA to produce a β-ketoacyl chain that is subsequently hydrogenated in three successive 

steps.  This first condensation step determines the substrate specificity and is the rate-limiting step of the 

process and is therefore regarded as being the actual “elongase” enzyme.  Genes involved in the elongation 

of saturated and monounsaturated fatty acids had been identified previously in yeast, but recently elongases 

specifically involved in the biosynthesis of long-chain PUFA have been cloned and characterised from C. 

elegans (Beaudoin et al., 2000), M. alpina (Parker-Barnes et al., 2000 and humans (Leonard et al., 2000b).  

Fatty acid elongases have also been cloned very recently from several freshwater and marine species 

including zebrafish, carp, Atlantic salmon and turbot (Agaba, personal communication).  Functional 

expression of the zebrafish elongase in the yeast S. cerevisiae showed that it displayed C18-20, C20-22 and C22-24 

PUFA elongating activities that converted 90%, 50% and 5% of the particular n-3 fatty acid substrate for 

each activity (Agaba and Tocher, unpublished data).   The activities with the respective n-6 PUFA substrates 

were lower suggesting some specificity for n-3 fatty acids.  Most interestingly, in contrast to the elongases 

from yeasts, worm (C. elegans) and humans, the zebrafish elongase appeared to have a broader substrate 

specificity and also displayed significant activity with saturated fatty acids and monounsaturated fatty acids, 

particularly 16:0 and 16:1n-7 (Agaba and Tocher, unpublished data).  

 

     3.3. Phospholipid Biosynthesis.       

    The pathways of de novo phosphoglyceride biosynthesis have not been extensively studied or elucidated 

in fish (Green and Selivonchick, 1987).  However, the existing evidence strongly suggests that pathways are 

essentially the same in fish as in higher terrestrial mammals (Sargent et al., 1989).  The activity of glycerol-

3-phosphate acyltransferase was demonstrated in the liver of rainbow trout (Holub et al., 1975a).  When liver 

microsomes were incubated with sn-[U-14C]glycerol-3-phosphate in the presence of activated fatty acid, 

palmitoyl-CoA, 77% of the radioactivity was recovered in total phosphoglycerides with the remainder 

recovered in neutral lipids.  PtdA and lysoPtdA were also labelled, supporting the conclusion that 

phosphoglyceride biosynthesis in fish proceded via a PtdA intermediate.    The presence of cytidine 

diphosphate(CDP)-choline-1,2-diacylglycerol choline phosphotransferase activity has been demonstrated in 

the microsomes of trout liver (Holub et al., 1975b) and brain, and liver from goldfish (Carassius auratus) 

(Leslie and Buckley, 1975).  The synthesis of PtdCho from 14C-CDP-choline and 1,2-diacylglycerol 

(diolein) in the presence of Mg2+ established that the CDP-choline pathway for the biosynthesis of PtdCho, 

as studied in detail in mammals, also operated in fish (Holub et al., 1975b; Leslie and Buckley, 1975).  There 

have been few studies in fish to fully characterize the biosynthetic pathways for PtdCho, PtdEtn, PtdSer, 

PtdIns and cardiolipin or the pathways, known in mammals, for interconversion between the 

phosphoglycerides.  However, the de novo pathways of phosphoglyceride biosynthesis were investigated in 
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trout hepatocytes and the activities of CDP-choline and CDP-ethanolamine phosphotransferases, PtdEtn-

methyltransferase (PtdEtn ---> PtdCho) and PtdSer-decarboxylase (PtdSer --> PtdEtn) demonstrated (Hazel, 

1990).  

        Thus, the pathways of de novo phosphoglyceride biosynthesis are essentially the same in fish as in 

higher terrestrial mammals. However, there is now considerable evidence that at least some species of fish 

larvae, both freshwater and marine, may have only a limited capacity to biosynthesise phosphoglycerides de 

novo (Geurden et al., 1995, 1997; Coutteau et al., 1997; Fontagne et al., 1998). This reflects the fact that 

many fish larvae receive an abundance of phosphoglycerides in their natural diets, whether from yolk sac 

lipids prior to first feeding or from natural prey at and after first feeding. The same situation may well hold 

for de novo biosyntheses of cholesterol and sphingolipids which have been scarcely studied in fish.  

Similarly, the synthesis of steryl esters has not been studied in fish although the biosynthesis of wax esters 

has been demonstrated in the liver of wax ester-rich myctophid species of fish (Seo et al., 2001). 

 

         3.4. Phospholipid Turnover and Remodelling  

         Apart from de novo biosyntheses, fatty acid retailoring by acyl exchange reactions is an important 

process determining the final fatty acid compositions of tissue phosphoglycerides.   Administered fatty acids 

are readily incorporated into the phosphoglycerides of fish tissues, for instance as when incubated with 

hepatocytes or cell cultures (Buzzi et al., 1997), but the extent to which this reflects de novo biosyntheses 

(net formation of phosphoglycerides), or fatty acyl exchange reactions (turnover of existing 

phosphoglycerides), has not been determined in fish.  Fission of cell membranes, such as occurs in the Golgi 

apparatus when forming vesicles, and fusion of cell membranes, as occurs in vesicle exocytosis at synaptic 

junctions, are both now known to be dependent on the formation of lysophosphoglycerides (Weigert et al., 

1999; Schmidt et al., 1999), and particular roles for specific fatty acids, especially PUFA, may exist in these 

processes.    Although the processes have not been studied in detail, many of the enzymic components of 

phosphoglyceride remodelling have been demonstrated in fish.  A review of muscle lipase activities in 

various fish species indicated that the catalytic hydrolysis of phosphoglycerides was primarily under the 

control of phospholipases A1 and A2 (Shewfelt, 1981).  Intracellular phospholipase A activities have been 

demonstrated in muscle tissue from rainbow trout (Jonas and Bilinski, 1967), pollock (Gadus pollachius) 

(Audley et al., 1978), winter flounder (Shewfelt et al., 1981) and cod (Chawla and Ablett, 1987). The 

activity of phospholipase A2 towards PtdCho has been studied in the microsomes of trout liver (Neas and 

Hazel, 1985), and cytosolic phospholipase A2 was demonstrated to be the principal activity during zebrafish 

embryogenesis (Farber et al., 1999).   The activity of phospholipase C has been demonstrated directly in 

isolated olfactory cilia from the channel catfish (Boyle et al., 1987) and has been implicated indirectly in 
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other tissues by the demonstration of a phosphoinositide cycle (see section 4.5) (Simpson and Sargent, 1985; 

Arias and Barrantes, 1990). Trout liver microsomes have also been shown to express acylCoA: 1-acyl-sn-

glycero-3-phosphorylcholine acyltransferase activity (Holub et al., 1976).  Therefore, enzymes required for 

partial catabolism of phosphoglycerides and for the reacylation of lyso-phosphoglycerides, and thus for the 

turnover of phosphoglycerides, have been demonstrated in fish.  The specificities of the enzymes involved in 

both de novo synthesis of the phosphoglycerides and in the turnover processes of deacylation/reacylation 

with respect to both head group and fatty acyl chains have important consequences in maintaining the 

normal phosphoglyceride class composition, the fatty acyl distribution among the phosphoglycerides, and in 

the adaptation to environmental changes.  

 

          3.5. Triacylglycerol Biosynthesis.  

           In mammals, triacylglycerols are formed by the sequential esterification of two fatty acids to glycerol-

3-phosphate to form lyso-PtA and PtA catalysed by glycerophosphate acyltransferase, followed by cleavage 

of the phosphate group (via phosphatidate phosphatase) to form diacylglycerol and the esterification of  a 

further fatty acid (via diacylglycerol acyltransferase) to form triacylglycerol.  Just as with 

phosphoglycerides, the pathway of de novo triacylglycerol biosynthesis has not been extensively studied in 

fish, but the little evidence available suggests that the pathways are generally the same in fish as in mammals 

(Sargent et al., 1989).  The presence of glycerol-3-phosphate acyltransferase activity in the rainbow trout 

liver and the recovery of labelled PtdA, lysoPtdA and neutral lipids when liver microsomes were incubated 

with labelled glycerol-3-phosphate in the presence of palmitoyl-CoA support the conclusion that 

triacylglycerol biosynthesis in fish procedes via a PtdA intermediate (Holub et al., 1975a). 

       During feeding, excess dietary fatty acids are exported from the liver in the form of lipoproteins 

(VLDL) and are accumulated and stored in the form of triacylglycerols in specific lipid storage sites.  The 

primary site for long-term storage in many fish is the mesenteric adipose tissue, although some fish also 

store significant amounts of fat within the white (light) muscle (adipose tissue within the myosepta) and 

between skin and muscle which can account for a large proportion of the fish's total reserves (Henderson and 

Tocher, 1987).     Red (dark) muscle, which usually has a higher lipid content than white muscle, contains 

most of the lipid as finely dispersed oil droplets within the muscle fibres themselves (Sheridan, 1994). The 

processes of transport, tissue uptake and lipoprotein remodelling via the action of the key enzymes 

lipoprotein lipase, hepatic lipase and LCAT were described in detail in section 2.4.1.  Moderate amounts of 

lipid can also be stored in liver in many fish although this is generally shorter-term storage compared to the 

adipose tissues. However, in some fish such as the gadoids and some flatfish, the liver can be the primary 

lipid storage site (Sargent et al., 1989). 
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          3.6. Triacylglycerol Mobilisation. 

           Triacylglycerols are stored in adipose tissue fundamentally as a long term source of energy that can 

be used when the energy requirements of the animal exceed the energy available from the diet, particularly 

when the energy requirements of the animal are very high.  Apart from starvation, a particular example of 

this in fish is during reproduction when the production of very large numbers of gametes, particularly eggs, 

during the relatively short period of of reproduction, is very energy intensive. A further example is the 

migration, often long distance, that precedes reproduction in many fish since the energy requirements of the 

swimming red muscles are provided largely by fatty acids. Lipid is probably mobilised initially from the 

main adipose tissue, although in the longer term it, it will be also mobilised from the secondary lipid storage 

sites such as muscle and liver.  

     A key enzyme in triacylglycerol mobilisation is the “hormone-sensitive” lipase (HSL) whose activity is 

regulated by various hormones through reversible phosphorylations by the action of kinases and 

phosphatases under the influence of various activators and inhibitors. Direct enzymic studies on HSL in fish 

are few but the process of triacylglycerol mobilisation is known to be under hormonal control, at least in the 

liver, indirectly implying the presence of a HSL in fish (Sheridan, 1994).  Later studies established that TAG 

mobilisation in trout was regulated by the phosphorylation state of the triacylglycerol lipase in both liver and 

adipose tissue (Sheridan, 1994).  Thus, in starvation or periods of non-feeding, lipid mobilisation from liver 

and adipose tissue in fish, as in mammals,  is under β-adrenergic control, with adrenalin (epinephrin) and 

noradrenalin (norepinephrine) stimulating triacylglycerol hydrolysis and an increase in plasma free fatty 

acids in salmonids and various other fish species, although the potency of the two catecholamines varies 

between different species (Sheridan, 1994; Fabbri et al., 1998).   In addition, various other hormones 

stimulate lipid mobilisation in depot organs, especially liver, through activation of HSL, including glucagon, 

cortisol, ACTH, growth hormone, somatostatin, thyroxine, and prolactin, resulting in triacylglycerol 

breakdown and secretion of free fatty acids, whereas insulin inhibits the activity of HSL (Sheridan, 1994). 

Recently, desacetyl-α-MSH, a derivative of MSH, was shown to be a potent stimulator of lipid mobilization 

through increased hepatic lipase activity and consequently increased plasma free fatty acid levels in rainbow 

trout (Yada et al., 2000). Of particular importance during gonadogenesis and egg production is the activation 

of HSL by oestrogen resulting in the mobilisation of fatty acids from adipose tissue to liver where they serve 

both as energy sources and substrates for the production of the specific lipoproteins for egg production (see 

sections 2.4.1 and 4.1.2). Mobilised fatty acids are probably transported from adipose tissue stores mainly 

bound to the albumin-like protein known to be a major plasma protein in teleosts (De Smet, 1978). 

 

            3.7. Fatty Acid Catabolism.  
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          Fatty acid catabolism is the major source of energy by far in many species of fish. Whereas the 

biosynthesis of fatty acids occurs in the cytosol, the catabolism of fatty acids occurs in the cellular 

organelles, mitochondria (and peroxisomes) via a completely different set of enzymes.  The process is 

termed β-oxidation and involves the sequential cleavage of two-carbon units, released as acetyl-CoA, 

through a cyclic series of reactions catalysed by several distinct enzyme activities rather than a multi-enzyme 

complex.  Briefly, activated fatty acids are transported into the mitochondrion in the form of fatty 

acylcarnitine esters formed through the action of carnitine acyltransferase, converted back into fatty acyl-

CoA derivatives and then undergo a round of dehydrogenation, hydration, second hydrogenation and 

cleavage steps to produce acetyl-CoA and NADH.  The acetyl-CoA can then be metabolised via the 

tricarboxylic cycle to produce more NADH. The NADH produced from the oxidation of fatty acids can then 

provide metabolic energy in the form of ATP through the process of oxidative phosphorylation. Under 

certain conditions such as fasting, acetyl-CoA can be exported from the liver in the form of ketone bodies, 

acetoacetate and 3-hydroxybutyrate, which are used by peripheral tissues as fuel through oxidation back to 

acetyl-CoA.  

       The processes of mitochondrial β-oxidation and ketone body formation have all been established in fish 

although ketone bodies are probably only important energy in elasmobranchs and not in teleost fish other 

than perhaps sturgeons (Acipenser sp.) (Henderson and Sargent, 1985; Singer et al., 1990).  Fatty acid 

oxidation is an important source of energy in several tissues in fish in addition to liver, including heart and 

red muscles and, recently, white muscle has been reported as playing a significant role in overall fatty acid 

oxidation in Atlantic salmon (Froyland et al., 1998,2000).  At a cellular level, peroxisomes are another site 

of β-oxidation in mammals where they are possibly specifically utilised in the initial chain shortening prior 

to conventional β-oxidation of very long chain, highly unsaturated or unusual fatty acids. The available 

evidence is consistent with all saturated and monounsaturated fatty acids, including 22:1n-11, being readily 

catabolised by mitochondrial β-oxidation in fish (Sargent et al., 1989). However, β-oxidation of PUFA is 

variable between different PUFA molecules and can be more complicated.   In mammals, 20:5n-3 is readily 

β-oxidised by mitochondria and, indeed, induces formation of mitochondria in rats (Madsen et al., 1999). 

However, 22:6n-3 is a poor substrate for mitochondrial β-oxidation in rats where its catabolism requires 

peroxisomal β-oxidation (Madsen et al., 1999). This is because, as insertion of the Δ4 ethylenic bond in 

22:6n-3 requires a special mechanism (described above), so does its removal. Thus, the initial 2,3 (α,β) 

dehydrogenation of 22:6n-3, the first step in the β-oxidation of all fatty acids, requires that it be followed in 

the case of 22:6n-3 by an NADPH – dependent 2,4-dienoyl CoA reductase and then by a 3cis – 2trans 

isomerase so as to enable completion of oxidation of its β carbon. These processes, which are well evolved 

in peroxisomes, have yet to be studied in fish.  However, relatively high levels of peroxisomal β-oxidation 
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were observed in red muscle of Atlantic salmon (Froyland et al., 2000).  Peroxisomal β-oxidation may 

account for significant amounts (up to 30%) of total hepatic β-oxidation under certain conditions such as in 

Antarctic fish (Crockett and Sidell, 1993).  Further work is required to fully elucidate the relative roles of 

mitochondria and peroxisomes , and the tissue sites, of fatty acid oxidation in fish. 

 

4. Functions 

 

4.1. Energy production 

 

 4.1.1 General. As noted above, a major role of lipids in fish is for the storage and provision of 

metabolic energy in the form of ATP provided through the β-oxidation of fatty acids (Sargent et al., 1989; 

Froyland et al., 2000). Lipids, and specifically fatty acids, are the preferred source of metabolic energy for 

growth, reproduction and swimming in fish, especially marine fish, as evidenced by the very high oil levels 

(more than 20% of the wet weight) that can be achieved by fish such as capelin and herring. Current 

knowledge of the relative importance of individual fatty acids in energy provision is partly based on 

experiences in aquaculture.  Thus, given that fish oil is the major lipid component of current fish feeds, the 

fatty acids that are the predominant sources of potential metabolic energy include 16:0 and 18:1n-9, the 

20:1n-9 and 22:1n-11 that are particularly abundant in the so-called northern fish oils, and the n-3 HUFA 

20:5n-3 and 22:6n-3. Undoubtedly 16:0, 18:1n-9, 20:1n-9 and 22:1n-11 are heavily catabolised for energy in 

fish because they are all consumed in large amounts during the growth of farmed fish species such as the 

salmonids, and, specifically, during formation of roe by female fish (Henderson et al., 1984a,b; Henderson 

and Almater, 1989).   Indeed, the long-chain monoene 22:1n-11 seldom if ever exists in significant amounts 

in phosphoglycerides so that its only role in fish is as a source of metabolic energy.  In Antarctic fish tissues, 

monoeneoic fatty acids were preferentially oxidised for energy compared to long-chain saturated fatty acids 

(Sidell et al., 1995). As alluded to above, 20:5n-3 can be readily β-oxidised, but 22:6n-3 catabolism requires 

peroxisomal and mitochondrial β-oxidation, at least in rats (Madsen et al., 1999).   There is no reason to 

believe that the mechanism for oxidising 22:6n-3 is different in fish and rats, and as peroxisomes are present 

in fish tissues including liver (Cancio and Cajaraville, 2000), it is likely that 22:6n-3 can serve as a source of 

energy in fish if necessary. 

       The use of medium chain triacylglycerols (MCT) containing 6:0, 8:0, 10:0 and 12:0 as alternative 

sources of energy had been studied in the past in fish, but recently has been reinvestigated along with the use 

of short chain fatty acids (SCFA), acetic (C2), propionic (C3) and butyric (C4). Actually, all of the fatty 

acids in the triacylglycerols used in these studies could be correctly termed short chain fatty acid. Studies in 

Atlantic salmon showed that 8:0 and 10:0 were highly digestible (99.6% and 96.7%, respectively) and were 
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mainly absorbed in the pyloric region, but they appeared to reduce pyloric absorption of other fatty acids 

(Roesjoe et al., 2000). This may not be necessarily be a direct result of the fatty acid per se.  Rather it may be 

a consequence of the unusual structure of the 2-acyl monoacylglycerols produced during digestion of MCT 

with short chain fatty acids which may have different physical properties.  Growth and survival of carp 

larvae was reduced by feeding 8:0 (tricaprylin) in comparison with 12:0 (in the form of coconut oil) and 

triolein (Fontagne et al., 1999).  In another trial, both 6:0 (tricaproin) and 8:0 initially stimulated growth in 

carp larvae in the first week but later 8:0 decreased growth compared to triolein (Fontagne et al., 2000a), and 

survival was decreased by feeding 8:0 compared to the other MCT (Fontagne et al., 2000b).  Sea bass larvae 

fed 6:0 or 8:0 showed better growth rates than fish fed 10:0 (tricaprin) or triolein and fish fed 8:0 showed 

better survival (Fontagne et al., 2000c).  Feeding MCT appear to decrease body fat levels as they reduced 

body neutral lipids in carp (Fontagne et al., 2000a) and fat in the muscle of salmon (Roesjoe et al., 2000).  

Similarly, increasing dietary levels of mixed MCT, 8:0 and 10:0 reduced intraperitoneal fat deposition in 

juvenile red drum (Sciaenops ocellatus) (Craig and Gatlin, 1997; Davis et al., 1999). Feeding MCT did not 

affect greatly the fatty acid composition of fish tissues.  In sea bass, there was only very low deposition (1-

3%) of MCT and, in carp larvae, deposition of 6:0 was not observed but there was significant deposition of 

both 8:0 and 10:0 in neutral lipids but not polar lipid, with 8:0 also being significantly elongated to 10:0 

(Fontagne et al., 1999, 2000a,b,c).  Therefore, there is some evidence that MCT may be potentially useful as 

alternative energy sources in fish and may also have a beneficial effect in lowering body fat levels.  

However, SCFA have had little positive effect since inclusion of SCFA up to 2% of total diet dry weight in 

Atlantic salmon diets had no effect on growth, mortality, lipid levels or fatty acid composition (Bjerkeng et 

al., 1999).   

 As alluded to above, the specificity of fatty acid oxidation in fish is important in determining the 

fatty acid composition of triacylglycerols deposited in fish adipose tissue. This composition in turn is 

important not only for the well being of the fish, particularly its successful reproduction, but also for the 

consumer, particularly in terms of the levels of the health promoting 20:5n-3 and 22:6n-3 fatty acids in fish.  

Thus, those species of fish which can be extremely rich in lipid at particular periods in their life cycle have 

long been the source of a major world commodity, fish oil. Detailed coverage of fish oil compositions and 

seasonal effects is outwith the scope of this article but the reader is directed to several other comprehensive 

reviews (Ackman, 1967,1980,1982,1989; Henderson and Tocher, 1987; Ackman and McLeod, 1988; 

Sargent, 1989; Moffat and McGill, 1993).  In general though, fish oils fall into two broad categories, the 

body oils, produced by the processing of mainly pelagic species that deposit oil in the flesh, including 

sardines, anchovy, menhaden (Brevoortia tyrannus), capelin, mackeral and herring, and liver oils, produced 

from mainly demersal species that deposit oil in the liver, predominantly cod and halibut (Hippoglossus 

hippoglossus) liver oils.  All fish oils are highly polyunsaturated, characterised by high but variable levels of 
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n-3 HUFA, predominantly 20:5n-3 and 22:6n-3, with 20:4n-6 as the major n-6 PUFA, and with 16:0 

followed by 18:0 as the predominant saturated fatty acids, and all contain substantial amounts of the 

monoene 18:1n-9. Northern hemisphere fish body oils, such as those from herrin, menhaden and capelin, 

contain particularly high levels of monenes due to the presence of high levels of 20:1n-9 and 22:1n-11 fatty 

acids produced by the oxidation of the 20:1 and 22:1 fatty alcohol moieties of wax esters that predominate in 

the lipids of the calanoid copepods that constitute a large part of their diet.   These oils tend to have 20:5n-3 : 

22:6n-3 ratios of around 1.0 to 1.5, whereas fish oils from the Southern hemisphere have only low levels of 

20:1 and 22:1 and so have higher proportions of n-3 HUFA with an 20:5n-3 : 22:6n-3 ratio of up to 2. These 

Southern hemisphere oils include the sardine, anchovy and pilchard (Sardinops sagax and ocellatus) oils that 

form the basis of the “18:12” (20:5n-3:22:6n-3) formulations marketed as human health supplements.  Liver 

oils tend to have lower 20:5n-3 : 22:6n-3 ratios and intermediate levels of 20:1 and 22:1. 

              Interestingly, fish oils with substantially higher levels of 22:6n-3 than 20:5n-3 are rare, an exception 

being tuna oils including body oil, and orbital oil which originates from the fat pad associated with the eye 

socket (Sawada et al., 1993). Tuna lipids in general, including both triacylglycerols and phosphoglycerides, 

consistently have much higher levels of 22:6n-3 than 20:5n-3 (Murase and Saito, 1996).  For instance, 

muscle phospholipids of Atlantic northern bluefin (Thunnus thynnus) and yellowfin (T. albacares) tunas 

displayed 22:6n-3 : 20:5n-3 ratios of up to 7.4 and 11.3, respectively (Medina et al., 1995).  In Pacific 

yellowfin tuna, total n-3 HUFA can account for between 30% and 37% of total fatty acids with 22:6n-3 

alone accounting for between 25% and 30% (Sunarya et al. 1995). Pacific northern bluefin showed flesh 

22:6n-3 levels of between 25% and 36% with 22:6n-3 : 20:5n-3 ratios of 3.4 – 5.8, whereas the stomach 

contents showed a 22:6n-3 : 20:5n-3 ratio of just 3.2 (Ishihara and Saito, 1996).  Similarly, the average 

22:6n-3 : 20:5n-3 ratio in Pacific yellowfin flesh varied between 7.4 and 7.8 wheres the stomach contents 

seldom exceeded 4 (Saito et al., 1996).  Therefore, the relatively high level of 22:6n-3 and the high 22:6n-3 : 

20:5n-3 ratio in tuna appears to be an inherant characteristic of tuna species as it does not correlate with 

dietary input.  Although the lipid biochemistry underpinning the high levels of 22:6n-3 and the high 22:6n-3 

: 20:5n-3 ratios is unclear, it has generally been assumed that tuna must selectively accumulate and/or retain 

22:6n-3 in their tissues (Saito et al., 1996; Ishihara and Saito, 1996).  However, the data also appear to be 

consistent with selective metabolism of 20:5n-3, through both conversion to 22:6n-3 via elongation and 

desaturation and also by catabolism via β-oxidation. 

         Therefore, tuna species appear to demonstrate selective catabolism of fatty acids, in this case, selective 

catabolism of 20:5n-3 relative to 22:6n-3.  This may be related to the fact that tunas like certain scombroid 

fish are “warm-blooded” and have active brain and eye heating systems that demonstrate extremely high 

aerobic oxidative capacities which are likely to be fuelled by fatty acid oxidation (Tullis et al., 1991). Thus 
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selective catabolism could contribute to the accumulation of 22:6n-3 by fishes with heater tissues if 20:5n-3, 

but not 22:6n-3, is readily oxidised by mitochondria in heat generating tissues. Other examples of selective 

catabolism of fatty acids include Antarctic fish in which selective oxidation of monounsaturated fatty acids 

and, to a lesser extent, saturated fatty acids, rather than PUFA has been shown (Sidell et al., 1995).  

Furthermore, the maximal swimming speed of salmon has been positively correlated with muscle levels of 

C18 fatty acids including 18:1n-9 and 18:2n-6, perhaps suggesting that these fatty acids rather than PUFA are 

the preferred fuels in swimming muscles (McKenzie et al., 1998).  Thus, selective oxidation of saturated and 

monounsaturated fatty acids, and perhaps also 20:5n-3, by swimming muscles leading to the selective 

retention of 22:6n-3 may be a more general feature of fish (see section 4.1.2 below).  Consistent with this, 

the ratio of 22:6n-3 : 20:5n-3 is consistently higher in the lipids deposited in the flesh of farmed Atlantic 

salmon compared with the fish oils currently used in salmon feeds (Brodtkorb et al., 1997; Bell et al., 1998).  

 

   4.1.2. Reproduction.   Fatty acids are not only the major source of metabolic energy in fish for growth 

from the egg to the adult fish (Tocher et al., 1985a,b), they also are the major source of metabolic energy for 

reproduction (Henderson et al., 1984a,b; Sargent et al., 1989). Indeed, the very high oil levels in those 

industrial fish species from which fish oil is extracted, exist largely in pre-spawning fish for reproduction 

(Sargent et al., 1995a). This has recently been emphasised by the clear correlation that exists between oil 

levels and fecundity and, therefore, recruitment in wild populations of cod (Marshall et al., 1999). 

Furthermore, very recently, the failure of the cod population in Newfoundland waters to recover was related 

to the presence or absence of oil-rich capelin in their diet (Rose, 2001).  The distribution of capelin has 

shifted such that they no longer form a significant part of the diet of the cod population on the continental 

shelf.  As a result, the cod population on the continental shelf are in poor condition, have poor reproductive 

potential and the population is not recovering.   In contrast, the cod population in the coastal area, where 

capelin still form a key component of the diet, have made a better recovery  (Rose, 2001).  

              Thus, for successful reproduction, the stored oil must support not only the immediate energy 

requirements of the parent fish but also the future requirements of the progeny.   For instance, of the large 

amounts body oils mobilised during formation of the ovaries and their constitutent eggs in capelin, some 

60% is catabolised to provide metabolic energy, with the remainder being transferred to the eggs.  However, 

the fatty acid compositions of egg lipids are quite different from those of the body oils consistent with 

selective catabolism of certain fatty acids and/or selective transfer of other fatty acids to the eggs. Selective 

oxidation of 20:1n-9 and 22:1n-11 in triacylglycerol depots certainly occurs in capelin during formation of 

roe since these fatty acids are abundant in depot triacylglycerols  of the parent fish but present in roe in only 

very small amounts (Henderson et al., 1984a,b). In addition, the higher ratio of 22:6n-3 : 20:5n-3 in the roe 

of capelin (Henderson et al., 1984a) and in fish roe in general (Tocher and Sargent, 1984b; Tocher et al., 
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1985a,b), as compared to body triacylglycerols, is consistent with selective catabolism of 20:5n-3 relative to 

22:6n-3 in fatty acid oxidative processes producing energy for gonadogenesis, resulting in selective transfer 

of 22:6n-3 to the eggs. 

 

   4.1.3 Embryonic and yolk-sac larval development. The utilisation of lipids and fatty acids for energy 

during embryogenesis and early larval development in many species of fish has some unique and interesting 

features that require special mention. To appreciate these features, some description of fish egg lipid 

composition and the species differences is required.   

In terms of lipid content and lipid class composition, fish eggs can fall into basically two categories.  

Eggs with relatively low lipid contents (< 5% of wet weight) which are predominantly polar lipids (60-90% 

of total lipid on average), and eggs that have higher lipid contents (> 5% of wet weight) that generally have 

higher levels of neutral lipids, often in the form of oil globules or droplets, in addition to the phospholipid-

rich yolk lipid (Sargent et al., 1989; Wiegand, 1996a).  Eggs from marine fish tend to be smaller, of lower 

lipid and phospholipid-rich compared to eggs from freshwater species but there are many exceptions to this  

generalisation.  Marine fish eggs with relatively low levels of lipid include those from herring, haddock, 

whiting (Merlangus merlangus), saithe (Pollachius virens) (Tocher and Sargent, 1984b), cod (Fraser et al., 

1988) and halibut (Falk-Petersen et al., 1989), but freshwater species such as perch (Perca fluviatilis), 

northern pike (Esox lucius), tilapia and roach (Leucisus rutilis) also have low lipid eggs (Henderson and 

Tocher, 1987).  In contrast, eggs from salmon, rainbow trout, striped bass and whitefish (Coregonus albula) 

have higher lipid contents, and eggs from the marine fish gilthead sea bream (Mourente and Odriozola, 1990; 

Ronnestad et al., 1994), Senegal sole (Solea senagalensis) (Vazquez et al., 1994), common dentex (Dentex 

dentex) (Mourente et al., 1999a), sea bass (Ronnestad et al., 1998) and turbot (Silversand et al., 1996) all 

have higher levels of neutral lipids (>50% of total lipid), with the eggs from all these species having oil 

globules similar to those found in the relatively lipid – rich eggs of sand eel (Ammodytes lancea) and capelin 

(Tocher and Sargent, 1984b).  The polar lipids of most fish eggs are dominated by phosphoglycerides, 

particularly PtdCho, followed by PtdEtn, PtdSer and PtdIns. Exceptions to this pattern are striped bass eggs, 

whose phospholipids are reported to contain predominantly PtdIns (Gallagher et al., 1998), and sturgeon 

eggs, which have relatively high PtdEtn (Gershanovich, 1991).  The neutral lipids are mainly triacylglycerols 

with smaller amounts of cholesterol although some lipid – rich eggs have globules that are predominantly 

steryl and/or wax esters as in gourami or some freshwater Perciformes and striped bass (Anderson et al., 

1990; Wiegand, 1996a).  

The total lipid of eggs from most fish studied are generally rich in n-3 HUFA (Sargent et al., 1989). 

Egg phosphoglycerides, like phosphoglycerides in other tissues, are generally higher in HUFA than neutral 

lipids so that egg HUFA levels partly reflect the relative amounts of polar and neutral lipid. Thus, marine 
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eggs tend to have higher n-3 HUFA levels than freshwater species (Rainuzzo, 1993; Wiegand, 1996a). In 

contrast, the eggs of most freshwater fish contain higher levels of n-6 PUFA, particularly 20:4n-6 and 18:2n-

6, than marine fish eggs (Anderson et al., 1990; Wiegand, 1996a). In general, the fatty acid compositions of 

eggs are more resistant to dietary changes than the fatty compositions of other tissues.   However, the eggs of 

wild striped bass and chinook salmon (Oncorhynchus tshawytscha) both contained higher levels of n-3 

HUFA and higher n-3 : n-6 ratios than eggs from equivalent cultured populations (Ashton et al., 1993; 

Harrell and Woods, 1995). Eggs from cultured Atlantic salmon had an increased level of 20:5n-3 and a 

decreased level of 20:4n-6 which greatly increased the ratio of 20:5n-3 : 20:4n-6 in the cultured eggs as 

compared to wild eggs (Pickova et al., 1999).  Decreased 20:4n-6 in eggs from cultured fish in comparison 

with wild fish was also observed in striped bass (Gallagher et al., 1998).  In contrast, the above study with 

Atlantic salmon recorded similar levels of 22:6n-3 in the eggs of wild and cultured fish (Pickova et al., 

1999).  Also levels of 22:6n-3 in walleye (Stizostedion Vitreum) eggs from different geographical 

populations, including a domesticated population, were more conserved than levels of other HUFA (Czesny 

and Dabrowski, 1998).  Therefore, there appears to be selection pressure to maintain levels of 22:6n-3 in 

eggs within a species - specific range (Wiegand, 1996a). For instance, the levels of 22:6n-3 and total n-3 

HUFA were almost identical between eggs from wild and captive turbot, whereas the levels of 18:2n-6 and, 

to a lesser extent, 20:1n-9 were much higher in eggs from captive fish (Silversand et al., 1996).  The effects 

of broodstock diet on the fatty acid composition of fish roe and its relationship to egg quality criteria are 

described elsewhere (Sargent et al., 2002).   

The utilisation of lipids and fatty acids during embryonic and early larval development varies 

considerably between fish species. Lipids were utilised as an energy source mainly after hatching in goldfish 

(Wiegand, 1996b), sturgeon (Gershanovich, 1991), red sea bream and winter flounder (Sargent et al., 1989), 

whereas in pike (Desvilettes et al., 1997), striped bass (Chu and Ozkizilcik, 1995), Atlantic herring and cod, 

lipids were utilised during both embryogenesis and early larval development (Tocher et al., 1985a; Fraser et 

al., 1988). The specific classes utilised again depends largely on the type of eggs, with neutral lipid–rich eggs 

primarily utilising neutral lipids as in red sea bream, red drum, striped bass (Chu and Ozkizilcik, 1995) and 

sturgeon (Gershanovich, 1991), whereas phosphoglyceride-rich eggs such as those from herring, cod and 

African catfish primarily utilised PtdCho (Sargent et al., 1989; Verreth et al., 1994). Therefore, the 

catabolism of phosphoglycerides for energy may be a common characteristic of fish eggs that are rich in 

phosphoglycerides. Consistent with this, PtdCho was primarily catabolised in the phosphoglyceride  - rich 

eggs of halibut and plaice, but not  in turbot eggs where neutral lipids account for more than 50% of total 

lipid (Rainuzzo et al., 1992; Finn et al., 1995; Ronnestad et al., 1995).  In contrast, in marine pelagic eggs 

that contain higher lipid levels, reflecting high levels of neutral lipid in oil globules or otherwise, such as 

from sea bream, sea bass, Senegal sole and dentex, lipids are utilised primarily after hatching and mainly as 
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neutral lipid, whether from the oil globule or otherwise (Ronnestad et al., 1994, 1998; Mourente and 

Vazquez, 1996; Mourente et al., 1999a). Phosphoglyceride was also the predominant lipid catabolised in 

goldfish (Wiegand, 1996b) but in pike, PtdCho, triacylglycerol and steryl esters were all catabolised 

(Desvilettes et al., 1997).  In rainbow trout, phosphoglyceride was slowly and continuously metabolised, but 

triacylglycerol was not utilised until after hatching, whereas in Atlantic salmon, triacylglycerol was 

catabolised throughout development.   Another relatively common feature observed during development is 

the conservation and/or synthesis of PtdEtn relative to PtdCho, as reported in the phosphoglyceride-rich eggs 

of cod (Fraser et al., 1988), plaice and halibut (Rainuzzo et al., 1992; Ronnestad et al., 1995), the neutral 

lipid-rich eggs of turbot (Rainuzzo et al., 1992), Senegal sole (Mourente and Vazquez, 1996), dentex 

(Mourente et al., 1999a) and Atlantic salmon and the freshwater species, pike and African catfish (Verreth et 

al., 1994; Desvilettes et al., 1997).  This results in a decrease and normalisation of the PtdCho:PtdEtn ratio as 

development proceeds, from the high values seen in most fish eggs, particularly from marine species, to 

values normally observed in fish tissues. This is particularly the case in the phosphoglyceride - rich eggs, 

dominated by PtdCho, where PtdCho is catabolised during embryogenesis, but it has also been noted in 

Atlantic salmon (Henderson and Tocher, 1987). 

Therefore it appears that, in general, lipid utilisation occurs to a greater extent after hatching, 

particularly in species with neutral lipid-rich eggs, possibly reflecting the greater energy demands of the 

mobile, free-swimming yolk sac larvae as compared to the embryonic egg phase.  Two main patterns of lipid 

class utilisation are apparent, related to egg lipid compositions.  Phosphoglyceride-rich eggs tend to utilise 

phosphoglycerides, particularly PtdCho, whereas neutral lipid-rich eggs utilise primarily triacylglycerols and 

also steryl and wax esters where present.  Irrespective of which class, catabolism of lipids results in the 

release of free fatty acids which can either be utilised for energy or re-acylated back into lipid pools for other 

uses which, during embryogenesis and early larval development, can be for the formation of rapidly 

developing larval tissues.   In n-3 HUFA-rich marine eggs, it is perhaps obvious that PUFA and HUFA will 

be catabolised for energy, particularly in phosphoglyceride-rich eggs.  Catabolism of HUFA, both 20:5n-3 

and 22:6n-3, for energy has been reported in cod (Finn et al., 1995), halibut (Ronnestad et al., 1995), Senegal 

sole (Vazquez et al., 1994; Mourente and Vazquez, 1996) and dentex (Mourente et al., 1999a).  In dentex, 

PUFA in both PtdCho and triacylglycerol were utilised, along with other fatty acids, generally in line with 

their order of abundance (Mourente et al., 1999a).  Similarly, in cod the fatty acids in PtdCho were 

catabolised non-selectively (Finn et al., 1995).  However, in herring and goldfish, much of the PUFA 

liberated by the catabolism of PtdCho was selectively retained in the neutral lipid pool (Tocher et al., 1985b; 

Wiegand, 1996b). Although also utilised for energy, PUFA were relatively conserved in comparison with 

saturated and monounsaturated fatty acids during development of Senegal sole (Mourente and Vazquez, 

1996) and in cod, monounsaturated fatty acids in triacylglycerol were selectively catabolised in comparison 
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with PUFA (Finn et al., 1995). During yolk sac absorption in pike, PUFA released by the hydrolysis of 

PtdCho were incorporated into the larval body (Desvilettes et al., 1997).  In the neutral lipid-rich eggs from 

both trout cod, Maccullochella macquariensis and Murray cod, Maccullochella peelii peelii, n-3 HUFA and 

especially 20:4n-6 tended to be conserved during development (Gunasekera et al., 1999), whereas saturated 

and monounsaturated fatty acids were primarily utilised during catabolism of triacylglycerols in sturgeon 

(Gershanovich, 1991).  In halibut, 22:6n-3 was a quantitatively important fuel with almost 40% of the 22:6n-

3 from PtdCho hydrolysis being catabolised, but with over 60% of the 22:6n-3 being selectively retained at 

the same time in PtdEtn (38%) and neutral lipids (23%) (Ronnestad et al., 1995).  Fraser et al. (1988) had 

earlier reported that about 33% of the 22:6n-3 released during PtdCho catabolism in cod eggs was 

incorporated into triacylglycerols and steryl esters.  Similar retention of 22:6n-3 in PtdEtn was observed in 

Senegal sole and dentex (Mourente and Vazquez, 1996; Mourente et al., 1999a).   Some selective retention of 

20:5n-3 was also reported in halibut (Ronnestad et al., 1995) and 20:4n-6 was selectively retained during 

development of Senegal sole (Mourente and Vazquez, 1996).  Based on studies mainly with plaice, Rainuzzo 

(1993) suggested that utilisation of HUFA, including 22:6n-3, occurred mainly in earlier stages of 

development when yolk was still present whereas later, in non-feeding larvae, 22:6n-3 and 20:4n-6 were 

selectively retained in PtdEtn, at the expense of other fatty acids, including 20:5n-3, which were mainly 

catabolised.  Thus, HUFA, as well as having clearly established roles in membrane structure and function, 

can also serve as important energy sources during embryonic and early larval development of fish, especially 

marine species. 

 

4.2. Membrane structure and functions. 

 

The net result of the metabolic pathways discussed in Section 3 is the tissue composition of 

phosphoglycerides and their fatty acid compositions.  Phosphoglycerides and their fatty acid compositions 

have a major and very well established role in maintaining the structure and function of cellular 

biomembranes.  Although metabolism is a very dynamic situation, the membrane phosphoglyceride and fatty 

acid compositions are relatively more stable than triacylglycerol (fish oil) compositions provided the 

environmental conditions and diet are reasonably constant.  A review of the phosphoglyceride and fatty acid 

compositions of fish tissues including dietary and seasonal influences is outside the scope of this article but 

several other reviews provide comprehensive coverage of this area (Henderson and Tocher, 1987; Sargent, 

1989; Sargent et al., 1989, 2002; Tocher, 1995).   Further reviews can provide the reader with detailed 

accounts of the experimental data and the literature relating to environmental effects, especially temperature, 

on membrane lipid compositions (Cossins, 1983; Hazel, 1984, 1988; Cossins and Raynard, 1988; Hazel and 

Williams, 1990; Hochachka and Mommsen, 1995).  
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      There are few data that directly demonstrate a clearly defined role for specific fatty acids in membrane 

functions in fish.  However, the importance of 22:6n-3 in neural tissues of all vertebrates, including fish, has 

recently been the subject of considerable interest (see Sargent et al., 2002).  Thus, in fish, dietary deficiency 

of 22:6n-3 resulted in larval herring having an impaired ability to capture prey at natural light intensities 

(Bell et al., 1995) and impaired schooling behaviour in yellowtail (Masuda et al., 1998; Ishizaki et al., 2001) 

and Pacific threadfin (Polydactylus sexfilis) (Masuda et al., 2001).  These recent studies imply a critical role 

for 22:6n-3 in the functioning of neural tissue (brain and eye) in fish and also demonstrate the importance of 

dietary 22:6n-3 in marine fish. 

However, although essential for membrane function, PUFA are also very susceptible to attack by 

oxygen (oxygen radicals) and other organic radicals.  The resultant oxidative damage to PUFA in membrane 

phosphoglycerides can have serious consequences for cell membrane structure and fluidity, with potential 

pathological effects on cells and tissues.   Fish cellular membranes with their uniquely high levels of n-3 

HUFA which are constituents vital for maintaining the structure and function of membranes are particularly at 

risk from oxidative attack and damage.  The mechanisms, consequences and nutritional implications of lipid 

and fatty acid peroxidation and antioxidant protection in fish have been reviewed very recently and so will not 

be covered here (Sargent et al., 2002).   However, recent studies have begun to elucidate the possible roles that 

endogenous enzyme mechanisms may have in protecting membrane HUFA from oxidative damage in fish.  

 The protective enzyme system comprises a series of enzyme scavengers of oxyradicals and other free 

radicals. Superoxide dismutase (SOD) comprises a group of metalloenzymes that disproportionates O2
-· to 

H2O2 as indicated in equation 1: 

 

2 O2
-· + 2H+   H2O2 + O2 (1) 

 

SOD is considered to play a pivotal antioxidant role; it occurs in all aerobic organisms examined and 

catalyzes the removal of O2
-· at rates near to difussion limits, making it among the most active enzymes 

described. Specific isozymes are typically found in cytosol and mitochondria. Numerous studies have 

indicated induction of SOD in many organisms by factors associated with increased oxyradical production, 

such as elevated O2 and exposure to redox-active contaminants.  The product of SOD activity, H2O2, can be 

removed by the activities of catalase (equation 2) or peroxidases such as glutathione peroxidase (Gpx) 

(equation 3): 

 

2H2O2  2H2O + O2 (2) 

 

H2O2 + 2GSH  2H2O + GSSG (3) 
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Catalase is associated primarily with peroxisomes, where it detoxifies H2O2 arising as a by-product of fatty 

acid oxidation. Gpx is a cytosolic enzyme, and in addition to reducing H2O2, it can reduce lipid peroxides 

(ROOH) to their corresponding alcohols (ROH), an important reaction for quenching lipid-peroxidizing 

chain reactions. Glutathione-S-transferases (GST) constitute a multigene superfamily of enzymes that are 

also involved in removing reactive intermediates of oxidative stress through conjugation with glutathione.  

GST-A has been cloned from several species of fish and conservation of its sequence suggests an important 

function for this enzyme in fish (Henson et al., 2000). The enzyme glutathione reductase (GR) plays an 

important antioxidant role by maintaining the reduced:oxidised glutathione ratio by catalysing the reduction 

of GSSG to GSH at the expense of NADPH (equation 4): 

 

GSSG + NADPH + H+  2GSH + NADP+ (4) 

 

      Studies in which these enzyme activities have been measured in fish have often focussed on their role in 

pollutant detoxification (Livingstone et al., 1992; Peters et al., 1994; Martinez-Lara et al., 1996) or 

developmental aspects (Aceto et al., 1994; Otto and Moon, 1996; Peters and Livingstone, 1996; Mourente et 

al., 1999b,c). Other studies failed to demonstrate a clear relationship between oxidation stress and the 

activities of the enzyme systems.   For instance, no interactions were observed between dietary vitamin E and 

antioxidant defence enzyme activities in Atlantic salmon (Lygren et al., 2000) and no clear relationship 

between dietary or tissue PUFA/vitamin E ratios and liver enzyme defence activities were observed in 

gilthead sea bream (Mourente et al., 2000).   However, feeding high HUFA diets resulted in signs of 

increased peroxidative stress in juvenile marine fish, as evidenced by increased levels of tissue lipid 

peroxidation products, and some moderate effects on liver antioxidant defence enzyme activities were 

observed (Tocher et al., 2002a).  In a very recent study using diets containing very high levels of n-3 HUFA 

and pre-oxidised oil,  the activity of the enzyme defence system was clearly demonstrated to be increased by 

feeding oxidised oil and reduced by supplementing the diets with vitamin E in sea bream (Mourente et al. 

2002).  In a related comparative study, the liver antioxidant defence enzymes did not respond to dietary 

oxidised oil or vitamin E in halibut as occurred in sea bream and turbot suggesting that there may be species 

differences in this defence system perhaps related to temperature or developmental stage (Tocher et al., 

2002b). 

 

4.3. Eicosanoids 
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      In contrast to the non-enzymatic, and potentially damaging, oxidation of PUFA which must be controlled 

as discussed above, the regulated, dioxygenase enzyme-catalysed oxidation of HUFA to produce highly 

bioactive molecules is central to a major functional role of HUFA.  The two main enzymes involved are 

cyclooxygenase which produces cyclic oxygenated derivatives or prostanoids, including prostaglandins 

(PG), prostacyclins (PG I) and thromboxanes (TX), and lipoxygenases which produce linear oxygenated 

derivatives including hydroperoxy- and hydroxy fatty acids, leukotrienes (LT) and lipoxins (LX).  

Collectively these fatty acid derivatives are termed eicosanoids, so named because they are derived primarily 

from the C20 PUFA 20:3n-6, 20:4n-6 and 20:5n-3.  The eicosanoids are autocrines, i.e. hormone – like 

compounds produced by cells to act in their immediate vicinity with a short half-life. Virtually every tissue 

in the body produces eicosanoids and they have a wide range of physiological actions, e.g. in blood clotting, 

the immune response, the inflammatory response, cardiovascular tone, renal function, neural function and 

reproduction.   Recently, specific eicosanoids, including LTB4 and 15-deoxy Δ12,14-PGJ2, have been 

postulated to be the natural ligands for a group of nuclear hormone receptors termed peroxisome 

proliferator-activated receptors (PPAR) that have established functions in the regulation of lipid metabolism 

in mammals (Schoonjans et al., 1997; Forman et al., 1997; Kliewer et al., 1997) (see section 4.4). The 

pathway from extracellular stimulus to the production of eicosanoids forms a cascade termed the 

"arachidonic acid cascade" as arachidonic acid (20:4n-6) is the primary precursor fatty acid in mammals.  

Briefly, activation of cell surface receptors results in the production of free precursor acid either via 

phospholipase A2 activity or via the sequential action of phospholipase C and diacylglycerol lipase.  The 

activation of phospholipase A2 may occur through elevation of intracellular Ca2+ (it is activated in vitro by 

high Ca2+ levels) or it may be regulated by a G protein, as phospholipase C appears to be in the 

phosphoinositide cycle (Burgoyne et al., 1987).  It appears that the increased concentration of the free 

precursor acid is itself the key stimulus for the activity of the cyclooxygenase or lipoxygenase enzymes 

(Smith, 1989b).   

        The subsequent pathways for the synthesis of individual eicosanoids from fatty acid precursors are 

complex with many different steps (Smith, 1989b). In fish, there is little mechanistic data on any of the steps 

involved in the cascade but, due to the obvious differences in the C20 PUFA composition of the 

phosphoglycerides between mammals and fish, there has been considerable interest in the general production 

of eicosanoids in fish.   The following offers only a very brief summary of the existing knowledge of 

eicosanoids in fish focussing where possible on advances made since an earlier review of eicosanoid 

metabolism in fish where the original references can be found if required (Tocher, 1995).                    

         Eicosanoids have been found in a large range of freshwater and marine fish, and virtually every tissue 

so far studied has shown cyclooxygenase and/or lipoxygenase activity with gills generally being the most 
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active.  Fish produce the same range of eicosanoids as in mammals with the prostanoids, PGE, PGF and 

PGD, and TXB and 6-keto-PGF1α , the respective stable metabolites of TXA and PGI2, all being reported in 

fish.  In addition, 5-,  12- and 15-lipoxygenase activities have all been described as has the presence their 

respective monohydroxy- products, leukotriene B (LTB), the peptido-leukotrienes, LTC, D and E,  and the 

lipoxins, LXA and LXB.   

     In mammals, 20:4n-6 is the chief precursor of the eicosanoids, generating 2-series prostanoids and 4-

series leukotrienes.  However, 20:5n-3 competes with 20:4n-6 in eicosanoid production, and is itself 

converted to 3-series prostanoids and 5-series leukotrienes, which are generally less biologically active than 

the corresponding 2-series prostanoids and 4-series leukotrienes produced from 20:4n-6. Thus, eicosanoid 

actions are determined by the ratio of 20:4n-6 : 20:5n-3 in cellular membranes, this in turn being determined 

by the dietary intake of n-6 and n-3 PUFA (Fig.7.). There is considerable evidence supporting the hypothesis 

that high incidences of cardiovascular and inflammatory conditions, and some cancers, in developed societies 

are associated with an excessive dietary intake of 18:2n-6 relative to 18:3n-3, which generates high levels of 

20:4n-6 in cells and consequently pathological levels of eicosanoids (Okuyuma et al., 1997).  Dietary 

supplementation with 20:5n-3, as fish or fish oil, can be beneficial by damping down excess eicosanoid 

production from 20:4n-6 (Anon., 1999).  The evidence from fish is consistent with the situation described 

above for mammals. Thus, although both 20:4n-6 and 20:5n-3 serve as eicosanoid precursors in fish tissues, 

20:4n-6 is the preferred substrate despite the preponderance of 20:5n-3 in the tissue phosphoglycerides.  It 

has also been established in fish that 20:5n-3 and dihomo-γ-linoleic acid, 20:3n-6, which can also serve as a 

substrate for fish cyclooxygenase enzymes,  competitively depress the production of eicosanoids from 20:4n-

6 (Bell et al., 1994), as does 20:4n-3 (Ghioni and Tocher, unpublished data) which can be produced by 

elongation of stearidonic acid, 18:4n-3, a significant constituent of many fish oils.  Therefore, in fish, as in 

mammals, eicosanoid production is influenced by the cellular ratio of 20:4n-6 : 20:5n-3 although the optimal 

ratio of 20:4n-6 : 20:5n-3 for eicosanoid production is probably lower in fish than in mammals.  Irrespective 

of details, an imbalanced ratio of 20:4n-6 : 20:5n-3 appears to be as damaging in fish as in mammals.  

             The source of 20:4n-6 for eicosanoid synthesis in fish is perhaps the most intriguing aspect of 

eicosanoid metabolism in fish as the the vast majority of species have membrane phosphoglycerides 

containing  a large excess of 20:5n-3 relative to 20:4n-6. Despite this, 20:4n-6 is the chief source of 

eicosanoids in fish where it is concentrated in phosphoinositides and thus it is tempting to conclude that the 

phosphoinositides are the origin of the 20:4n-6 used to produce eicosanoids in fish.  However, as noted some 

7 years ago, there was no clear experimental evidence to support this conclusion and it appeared that one 

phosphoglyceride class may not be the sole supplier of eicosanoid precursor in fish (Tocher, 1995).  It is 

frustrating to report that no definitive answer to this problem has been found and, similarly, whether the 
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specificity for 20:4n-6 is the result of a 20:4n-6-specific phospholipase A2 or from the specificity of the 

cyclooxygenase and lipoxygenase enzymes also remains unresolved. These fundamental questions are not the 

only ones that remain unanswered as the natural stimuli for eicosanoid production in fish are largely 

unknown as there have been few studies of eicosanoid production using potentially physiological stimuli.  

Finally, other than reproduction, in which the roles of eicosanoids in fish are well known and have been 

comprehensively reviewed (Stacey and Goetz, 1982; Goetz, 1991), there are relatively few studies on the 

functions of eicosanoids in fish.    The presence of TXA and PGI in fish indirectly suggests that a TXA/PGI 

balance in the control of blood clotting and haemostasis operates in fish as in mammals and certainly series-2 

prostanoids have been shown to have cardiovascular and vasoactive properties.   There is similar indirect 

evidence that suggests lipoxygenase products play similar roles in inflammatory and immune processes in 

fish as in mammals.  However, there have been few more definitive studies to add significantly to what was 

known several years ago (Tocher, 1995). 

 

4.4 Transcriptional Control of Lipid Homeostasis 

 

Lipid homeostasis can be described as the balance between lipid uptake, transport, storage, biosyntheis, 

metabolism and catabolism and each of these processes has to be controlled independently and in a cell 

specific manner, in addition to being regulated on a tissue and whole body level. A very large number of 

genes are involved in these processes and there must be mechanisms for regulating these genes at the 

transcriptional level, in response to feedback and feed-forward signals, in order to maintain optimal lipid 

homeostasis. In mammals, it has been established that fatty acids, particularly PUFA, are involved in the 

regulation of hepatic gene transcription (Jump and Clarke, 1999).  However, PUFA can potentially affect 

gene transcription by a number of direct and indirect mechanisms including changes in membrane 

composition, eicosanoid production, oxidant stress, nuclear receptor activation or covalent modification of 

specific transcription factors (Jump et al., 1999).   Much work has gone into elucidating these mechanisms 

and, in particular, PUFA are now known to directly influence the activities of a variety of transcription 

factors which have in turn been shown to be critical regulators of a growing list of genes involved in lipid 

homeostatic processes (Jump, 2002).  Although fish species are only beginning to be studied from this 

molecular viewpoint, but it has been shown that fish possess genes for the pivotally important peroxisome 

proliferator-activated receptors (PPARs).  PPARs were first discovered in rodents as the factors responsible 

for the massive peroxisome proliferation observed in liver after treatment with a diverse range of chemicals 

including hypolipidemic drugs such as clofibrate, and environmental contaminants such as phthalate esters 

and some herbicides (Isseman and Green 1990).  PPARs belong the nuclear hormone receptor family of 
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transcriptional regulators which include, among many others, estrogen receptors and retinoid receptors.  A 

particular characteristic of this group of proteins is their ability to bind and be activated by small hydrophobic 

molecules such as steroid hormones or retinoids.  PPARs bind and are activated by unsaturated fatty acids 

and certain eicosanoids.  In mammals there are three genes for PPARs and their products are termed PPARα, 

PPARβ (or δ) and PPARγ.  Each of these receptors binds a distinct but overlapping range of PUFA, with a 

preference for n-3 series over n-6 series PUFA.  This, together with their distinct tissue distributions, is 

believed to result in the tissue specific, fatty acid-dependent transcriptional regulation of genes containing 

sequence specific response elements (termed peroxisomal proliferator response elements or PPREs) for 

binding PPARs.   

       For example PPARα is predominantly found in mammalian liver and has a particular affinity for LTB4 

and 8S-hydroxyeicosatetraenoic acid (8S-HETE) as well as PUFA and also specific chemicals such as 

fibrates. Treatment with these compounds results in the upregulation of genes such as acyl-CoA oxidase, 

bifunctional enzyme, thiolase  and  long-chain fatty acid acyl-CoA synthetase  all of which have been shown 

to be regulated via PPARα (Dreyer et al., 1992; Zhang et al., 1992; Lee et al., 1995; Schoonjans et al., 1995).   

In addition PPARα is involved in the control of fatty acid transport and uptake, by stimulating the genes 

encoding the fatty acid transport protein (FATP), the fatty acid translocase (FAT/CD36)and the liver 

cytosolic fatty acid-binding protein (L-FABP) (Motojima et al., 1998). Furthermore, PPARα upregulates 

apolipoproteins A-I and A-II in humans, which leads to an increase in plasma HDL cholesterol. Additional 

PPARα target genes participate in mitochondrial fatty acid metabolism (Mascaro et al., 1998; Brandt et al., 

1998), in ketogenesis (Rodriguez et al., 1994) and in microsomal fatty acid ω-hydroxylation by cytochrome 

P450 ω-hydroxylases that belong to the CYP4A family (Muerhoff et al.,1992; Aldridge et al., 1995). 

         In contrast PPARγ is predominantly expressed in adipose tissue, indeed its expression is required for 

the development of an adipocyte phenotype.  The two markers of terminal adipocyte differentiation, aP2, a 
fatty acid binding protein, and phosphoenolpyruvate carboxykinase, an enzyme of the glyceroneogenesis 
pathway, are regulated by PPARγ (Tontonoz et al., 1995).  Similarly, PPARγ also regulates the expression of 
the genes coding for lipoprotein lipase, fatty acid transport protein, and the fatty acid translocase (Motojima 
et al., 1998).  15-deoxy Δ12,14 PGJ2 is a high affinity ligand for PPARγ. Treatment of preadipocytes with 15-

deoxy Δ12,14 PGJ2 or over-expression of PPARγ results in differentiation to fat storing adipocytes (Kliewer et 

al., 1995; Forman et al., 1995).  In common with a number of other nuclear hormone receptors PPARs act as 

dimers. In the case of the PPARs they act as heterodimers with the cis-retinoic acid receptor alpha (RXRα) 

and cis-retinoic acid acts synergistically with peroxisome proliferators to promote target gene transcription 

(Wahli et al., 1995). 

         Recently PPAR genes have been identified in Atlantic salmon and plaice (Ruyter et al., 1997; Leaver et 

al., 1998) and these are homologues of the mammalian PPARα, PPARβ and PPARγ genes, suggesting that all 
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three PPAR isoforms were shared by a common ancestor of fish and mammals and, therefore, PPARS might 

be expected to have essentially conserved functions across these phyla.  However, in salmon at least, it 

appears that there are multiple genes for PPARβ isoforms (Leaver,  personal communication) and since there 

is only one PPARβ gene in mammals, there yet may be some divergence in the functions of PPARs between 

fish and mammals.  Interestingly, although PPARβ is probably the least well studied PPAR isoform, it has 

recently been shown that PPARβ may function as a negative regulator of PPARα and PPARγ function by 

competing for binding at gene regulatory elements and then recruiting proteins involved in depressing 

transcriptional activity (Shi et al., 2002). 

            The list of genes regulated by PPARs in mammals contains many of great relevance to a number of 

issues in fish lipid metabolism and biosynthesis. One such gene is peroxisomal acyl-CoA oxidase (ACO), 

responsible for peroxisomal chain shortening of very long chain fatty acids in mammals and postulated to 

catalyse the final step in DHA biosynthesis. ACO mRNA and activity is increased in salmon by treatment 

with fibrates, a well know class of peroxisomal proliferators. A number of studies have suggested that fatty 

acid desaturases are regulated by PPARs in mammals, for example stearoyl CoA Δ9 desaturase genes have 

been shown to be directly regulated by PPARs by virtue of PPREs in their upstream regulatory regions. In 

addition, in rodents peroxisomal proliferators are known to up-regulate fatty acyl Δ6, Δ5 and Δ9 desaturases 

(Kawashima et al., 1990; Gronn et al., 1992; Alegret et al., 1995) and clofibrate has been shown to increase 

the desaturation of 20:5n-3 in rainbow trout (Tocher and Sargent, 1993). Fish are also known to respond to 

peroxisomal proliferators such as fibrate and partially hydrogenated fish oil by an increase in peroxisomal 

fatty acid β-oxidation (Ruyter et al., 1997). Taken together these observations suggest that in fish, as well 

as in mammals, PPARs will prove to have critical roles in regulating genes involved in lipid homeostasis, 

by acting as fatty acid sensors and signal transducers. 

    Interestingly, in mammals, the suppression of hepatic lipogenic enzyme gene transcription does not 

appear to require PPARα or cyclooxygenase activity (prostanoids) and so must involve a different pathway 

or mechanism to that described above (Jump et al., 1999).  It remains to be elucidated if the regulation of 

lipogenic enzyme activity by PUFA in fish, as described in section 3.1, is similar to that in mammals.  In 

addition, saturated and unsaturated long chain fatty acids are also now known to positively induce the 

transcription of some genes in a physiologically relevant manner, including liver type FABP and carnitine 

palmitoyltransferase-1 (Dupluss et al., 2000).   Again it is not known if the expression of the genes for 

these proteins, important in lipid and fatty acid homeostasis, is induced or regulated by dietary fatty acids 

in fish as in mammals but it is an area of considerable interest that will hopefully be elucidated in the near 

future.  

 

4.5 Other lipid mediators 
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The phosphoinositide cycle, in which phosphorylated derivatives of PtdIns such as PtdIns4,5P2 are converted 

by the action of phospholipase C into two intracellular second messengers, diacylglycerol and inositol 

phosphates (e.g. InsP3), in response to various hormones and effectors is well characterised in mammals 

(Berridge, 1987).  Similarly, platelet-activating factor (PAF), 1-O-alkyl-2-acetyl-sn-glycero-3-

phosphocholine, a biologically active phospholipid synthesized by inflammatory cells, is implicated in 

mammals in the activation and/or aggregation of platelets and leukocytes and may be a mediator of 

hypotensive activities, as well as causing increased vascular permeability, vasoconstriction and contraction of 

smooth muscle (Snyder, 1987).  Although the basic components of the phosphoinositide cycle and PAF 

pathway are known to occur in fish, there has been very little further significant advances in these areas since 

an earlier review (Tocher, 1995).  

 

Concluding Remarks 
 

 The more applied aspects of lipid and fatty acid metabolism in fish, specifically those pertaining to nutrition 

and aquaculture, including qualitative and quantitative requirements, antioxidants and lipid peroxidation , and 

alternatives to fish oil had been covered by a very recent review (Sargent et al., 2002) and so were not 

included here.  Rather, this review has attempted to focus on the basic biochemistry that underpins these 

practical aspects and the very considerable body of applied research that has grown exponentially along with 

the rapidly expanding aquaculture industry.   It may be that the overriding impression readers take from this 

review is therefore,   a) that there is relatively little known about the details of many fundamental pathways 

of lipid and fatty acid metabolism in fish and, b) that what is known indicates that the basic metabolic 

pathways are generally similar in fish to those more fully characterised in mammals and, c) that much of our 

current knowledge of basic biochemistry of lipid and fatty acid metabolism in fish has been relatively static 

over the last few years and not progressed significantly.   However a more positive way to look at this is to 

express satisfaction that much of the early work on lipid and fatty acid metabolism in fish has proved robust 

and that many of the conclusions are as valid today as they were some years ago!  Hopefully, though, this 

review will also have shown clearly the areas that still require to be investigated in much greater depth so that 

the problems, currently the focus of so much attention in fish nutrition and aquaculture, can be tackled in a 

more pure science driven manner, rather than in the trial and error approach so prevalent today.   These 

problems include those associated with the use of high energy (fat) diets to increase growth through protein 

sparing and improved feed efficiency, such as increased adiposity and tissue lipid deposition.  In addition, the 

problem of finding suitable, sustainable and environmentally acceptable alternatives to fish oil in aquaculture 
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is dominated by the need to maintain the high levels of  20:5n-3 and 22:6n-3 and prevent over high levels of 

18:2n-6 in fish, and thus preserve the highly prized beneficial quality of fish as a food.  Thus, a deeper 

understanding of the control mechanisms that regulate lipid catabolism and tissue deposition, and of the 

factors affecting fatty acid desaturation and elongation and the production of 20:5n-3 and 22:6n-3 from 

18:3n-3 found in some vegetable oils, is essential.  In this respect, the present article has also highlighted the 

increasing application of molecular biological techniques to these fundamentally important areas, with the 

resultant cloning of the genes in fish for, among others, lipoprotein apoproteins, FABPs, PPARs and fatty 

acid desaturase and elongase enzymes, perhaps being among the most important developments.  The 

application of molecular technologies in the area of fish lipid metabolism now opens the door for further 

advances to be made through molecular genetics, genomics and, consequently, proteomics.   Identification of 

specific genes and metabolic pathways influencing phenotypic traits that are important in terms of efficiency 

and sustainability of farm production, welfare of farmed stocks, and quality and nutritional value of products 

for the consumer will undoubtedly follow.  Depending on the problem addressed,  sets of "indicator" genes can 

be selected from among those identified, which could then form the basis of DNA microarrays or “chips” for 

monitoring health and performance.  Ultimately  therefore,  it is probable that stock selection based on specific 

genes or gene traits will be used to produce strains of fish with improved and desirable production 

characteristics, including increased production and/or retention of nutrients of particular importance in 

achieving balanced diets, such as 20:5n-3 and 22:6n-3.  Although these technologies may be developed first 

for use in aquaculture, it is likely that the same technologies in a broader sense could be applied to assist 

efforts to understand, and possibly reverse, the ongoing decline in wild fish populations.   Therefore, with this 

realisation, I hope the reader will appreciate that we are on the brink of a new era in understanding lipid 

metabolism in fish and that the next few years promise to be an exciting and illuminating time not only for all 

of us working in this field but for everyone with an interest in fish, even if it is just eating them!  
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Fig. 1. Structures of the 18-carbon saturated and monounsaturated fatty acids, and representative 

polyunsaturated fatty acids (PUFA) of the n-6 and n-3 series. All ethylenic (double) bonds are in the cis 

conformation. 

 

Fig.2. A,  Triacylglycerol: three fatty acids esterified to L-glycerol;  B, Wax ester consisting of a fatty acid 

(top) esterified to a fatty alcohol (bottom); C, Phosphatidic acid, the backbone of the phosphoglycerides. 

 

Fig. 3. Structures of head groups in the major phosphoglycerides where R = the phosphatidyl group (see Fig. 

2C). PtdCho, Phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdSer, phosphatidylserine; PtdIns, 

phosphatidylinositol. 

 

Fig. 4. Sphingomyelin (A) and a cerebroside (B). 

 

Fig. 5. Cholesterol. 

 

Fig. 6. Pathways of biosynthesis of C20 and C22 HUFA from n-3, n-6 and n-9 C18 precursors. Δ5, Δ6, Δ6*, Δ9, 

Δ12, Δ15, Fatty acyl desaturases; Elong, Fatty acyl elongases; Short,  chain shortening. Δ9 desaturase is found 

in all animals and plants whereas Δ12 and Δ15 desaturases are generally only found in plants and so 18:2n-6 

and 18:3n-3 are “essential” fatty acids (EFA) for many animals including many species of freshwater fish.  

Carnivores and many marine fish generally have only limited ability to carry out the conversions above due 

to specific deficiencies in desaturases and/or elongases and so 20:5n-3 and 22:6n-3 are their EFA.  The Δ6* 

enzyme acting on C24 fatty acids may or may not be the same enzyme (Δ6) that acts on C18 fatty acids. 

 

Fig. 7. Links between dietary PUFA, tissue HUFA and eicosanoid production. Arachidonic acid, 20:4n-6, 

and eicosapentaenoic acid, 20:5n-3, produced by desaturation and elongation (D/E) of dietary 18:2n-6 and 

18:3n-3 or obtained preformed in the diet, compete for the same cyclo-oxygenase and lipoxygenase enzymes 

(C/L) to produce, 2-series prostanoids and 4-series leukotrienes, and 3-series prostanoids and 5-series 

leukotrienes, respectively.  Therefore, the ratio of 20:4n-6 : 20:5n-3 determines the ratio of high activity : low 

activity eicosanoids. 
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