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PROCEEDINGS OF THE NUTRITION SOCIETY 

The Three Hundred and Seventy-eighth Scientzjic Meeting (One Hundred and 
Forty-seventh Scottish Meeting) was held in the Freedom Inn, Aviemore, on 
3/4 November 1982 

SYMPOSIUM ON 
‘COMPARATIVE ASPECTS OF FATTY ACID METABOLISM’ 

Fatty acid synthesis in liver and adipose tissue 

By J. PEARCE, Department of Agricultural and Food Chemistry, The Queen’s 
University of Belfast, Newforge Lane, Belfast BT9 5PX and Department of 
Agriculture for Northern Ireland 

In general terms the pathways of fatty acid biosynthesis are qualitatively similar 
in the liver and adipose tissue of monogastric, ruminant and avian species. There 
are, however, interesting quantitative differences and this review will compare and 
contrast some aspects of fatty acid synthesis in these tissues both within and 
between species. 

Relative importance of adipose tissue and liver as sites of Lipogenesis 
Fatty acid biosynthesis occurs in all animal tissues but the major sites are 

generally considered to be adipose tissue, liver and lactating mammary gland (see 
Romsos & Leveille, 1 9 7 4 ~ ;  Volpe & Vagelos, 1976). As a consequence of studies 
carried out principally during the 1950s and 1960s with laboratory rodents, the 
adipose tissue has come to be regarded as a more important lipogenic tissue than 
the liver in non-lactating animals; Masoro et al. (1949) reported that fatty acid 
biosynthesis was not impaired in hepatectomized rats and adipose tissue was 
identified as the major site of fatty acid synthesis in mice (Feller, 1954; Favarger, 
1965; Jansen et al. 1966) and rats (Hausberger et al. 1954; Leveille, 1966, 1967). 
In these studies adipose tissue accounted for at least 50% and in some cases as 
much as 95% of the fatty acids synthesized. 

Contradictory observations have also been reported in rats (Patkin & Masoro, 
1964; de Freitas & Depocas, 1965; Gandemer et al. 1982) and mice (Hems et al. 
1975; Hollands 8z Cawthome, 1981; Rath & Thenen, 1980) where the liver was 
relatively more important than adipose tissue. The discrepancies may be due, at  
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264 SYMPOSIUM PROCEEDINGS I983 
least in part, to the use of I4C-labelled substrates in early studies and it is generally 
considered that the incorporation of 3H from [3H)water, which can measure the 
rate of lipogenesis irrespective of the possible multiple carbon sources, would 
clarlfy some of these contradictions although the relative contributions of the liver 
and adipose tissue also depend upon the composition of the diet and feeding 
pattern (see pp. 268-269). 

Similar contradictions apply to the role of human adipose tissue in fatty acid 
synthesis. Many of the results (Shrago et al. 1967, 1969, 1971; Patel et al. 1975; 
Shrago & Spenetta, 1976) but not all (Bray, 1969, 1972; Goldrick & McLoughlin, 
1970; Goldrick & Galton, 1974) show that adipose tissue is not a major site of fatty 
acid biosynthesis. Clearly, a re-evaluation of the relative roles of liver and adipose 
tissue is required in relation to fatty acid synthesis in the human. 

Although the liver and adipose tissue are generally regarded as the principal 
lipogenic tissues they usually contribute no more than 40% of the total synthetic 
rate in laboratory rodents. In this regard it has been demonstrated that the carcass, 
emptied of its organs and dissectable white adipose tissue and composed mainly of 
muscles and skeleton, shows a high rate of lipogenesis (Rath & Thenen, 1980; 
Hollands & Cawthome, 1981). It has been suggested that the site of this carcass 
lipogenesis could be intermuscular fat-pads (Kannan et al. 1976) or adipocytes, 
either mature or immature, within or associated with red muscles (Hollands & 
Cawthome, 1981). 

The roles of the liver and adipose tissue in lipogenesis in domesticated species 
would seem to be more clearly defined. Adipose tissue is the major site of fatty acid 
synthesis in the non-lactating ruminant (see Vernon, 1980a). The in vivo studies of 
Ingle et al. ( 1 9 7 2 ~ )  suggested that in non-lactating sheep, adipose tissue is 
responsible for more than 90% of fatty acid synthesis and this conclusion has been 
generally supported by in vitro studies in sheep, cattle and goats (Payne & Masters, 
1971; Hood et al. 1972; Ingle et al. 1972b; Liepa et al. 1978). The pig (O’Hea & 
Leveille, 1969; Mersmann et al. 1973) and guinea-pig (Patel & Hanson, 1974) 
resemble the ruminant in this respect as their livers have a negligible capacity for 
fatty acid synthesis. In contrast, the liver is the major site of lipogenesis in all the 
avian species investigated (see Pearce, 1980). 

From the above discussion it is clear that there are species differences with 
regard to the relative roles of liver and adipose tissue in lipogenesis. In addition, it 
has recently been reported (Rath & Thenen, 1980) that there are also strain 
differenccs within species; in these studies it was demonstrated that the relative 
contributions of liver and adipose tissue varied between different strains of mice 
(both lean strains and obese strains). Similarly, differences in the relative rates of 
fatty acid synthesis have been observed in adipose tissues from beef and dairy 
cattle (see Vernon, 1 9 8 0 ~ ) .  

It has also been reported that there are differences in fatty acid synthesis 
between the various sites of white adipose tissue and also between white adipose 
tissue in general and brown adipose tissue. White adipose tissue sites occur in a 
number of well-defined anatomical locations and many reports indicate highly 
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significant differences in the rates of fatty acid synthesis between the different sites 
in pigs (Anderson et al. 1972) and rats (Bjornstorp et al. 1970; Jamdar, 1978; 
Fried et al. 1982). Further studies in this area are required to provide an overall 
assessment of the total contribution of white adipose tissue to the metabolism of 
the whole animal. Comparisons of fatty acid synthesis in white and brown adipose 
tissues have shown that in rats (Agius & Williamson, 1980) and mice (Rath et al. 
1979; Trayhurn, 1981) the rate of synthesis is many times greater in the latter 
tissue. Fatty acids, synthesized in situ, may be the substrates oxidized during 
dietary-induced thermogenesis (Agius & Williamson, 1980; Weaire & 
Kanagasabai, 1982). 

Pathways of fat ty  acid synthesis 
Fatty acid synthesis is a cytosolic process utilizing acetyl CoA as an obligatory 

precursor. The acetyl-CoA may be derived from the citrate-cleavage pathway 
(Srere, 1959; Spencer & Lowenstein, 1962) or directly from acetate (Barth et al. 
I 972). In the citrate-cleavage pathway, acetyl-CoA, which is formed 
intramitochondrially from various precursors, cannot diffuse into the cytoplasm at 
a rate sufficient to support fatty acid synthesis and is transported through the 
mitochondrial membrane as citrate. This is the source of the major portion of 
acetyl-CoA in monogastric mammals and birds. 

Although the citrate-cleavage pathway is of major importance in many 
monogastric mammals and birds, this may not be true of all species (see Jones & 
Wahle, 1980). Acetyl-CoA can also be formed from acetate by cytosolic acetyl-CoA 
synthetase and this is the major pathway in ruminant tissues (see Ballard et al. 
1969). 

Substrates for fat ty  acid synthesis 
It is generally accepted that the relative rates of fatty acid synthesis from various 

substrates (glucose, pyruvate, lactate, acetate) vary markedly between species 
(Saggerson, 1974; Vernon, 1980b) in both liver and adipose tissue. In monogastric 
species such as the mouse and rat, and in avian species, where large amounts of 
glucose may be derived from the diet, glucose is a major source of C for fatty acid 
synthesis. The extent of glucose utilization depends upon the carbohydrate and 
lipid compositions of the diet, the diurnal rhythm and the associated feeding 
pattern. Conversely, herbivorous animals (guinea-pig, rabbit, ruminants) consume 
large quantities of plant structural polysaccharides. These materials are resistant 
to degradation by digestive enzymes and consequently herbivores generally obtain 
less glucose via digestion; in these animals glucose is less important than acetate 
and lactate in fatty acid synthesis. 

The role of glucose as a lipogenic substrate in the liver of mice was questioned 
by Hems et al. (1975); these authors calculated that glucose only contributed 
5-10% of the total fatty acids synthesized in ad lib.-fed animals. The contribution 
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of glucose relative to other precursors depends upon the nutritional status of the 
animal (fed, fasted, fasted-refed). In the force-fed mouse, glucose was reported to 
be the sole source of C for hepatic fatty acid synthesis (Baker et al. 1978) although 
in this in vivo study some of the glucose may have been converted to lactate and 
other intermediates by extra-hepatic tissues and hence converted to fatty acids via 
this indirect route. 

In ruminant tissues it is well established that acetate, derived from rumen 
fermentation, is the major precursor for fatty acid biosynthesis and the rate of 
incorporation of acetate C into fatty acids in adipose tissues has been shown to be 
between 10 and IOO times greater than that of glucose C (Vernon, 1 9 8 0 ~ ) .  
Comparisons of fatty acid synthesis from [I4C]acetate and [3H]water in sheep 
adipose tissue led to the conclusion that acetate was the precursor for essentially all 
the fatty acids produced (Vernon, 1976). The lack of utilization of glucose in fatty 
acid biosynthesis is reflected in the very low specific activities of ATP-citrate lyase, 
malate dehydrogenase (oxaloacetate-decarboxylating) (NADP+) and pyruvate 
dehydrogenase in ruminant tissues (Ballard et al. 1972; Robertson et al. 1980). 

There are, however, circumstances when glucose is used as a precursor for fatty 
acids by ruminants. Increased glucose availability in the diet and intravenous, 
intra-abomasal or intra-duodenal glucose infusion all result in increases in fatty 
acid synthesis from glucose and lipogenic enzyme activity in sheep liver and 
adipose tissue (Ballard et al. 1972; Pearce & Piperova, 1981; Piperova & Pearce, 
1982). Similarly, glucose increases the rate of fatty acid synthesis in sheep adipose 
tissue pieces maintained in tissue culture for 24 h (Vernon, 1979; Robertson et al. 
1981). Ruminant tissues, therefore, have some potential for utilizing glucose as a 
fatty acid precursor but acetate is preferentially accepted, even in the above 
situations, as the C source for lipogenesis. Investigations have been made to 
identify the rate-limiting step(s) in the conversion of glucose to fatty acids by 
ruminant adipose tissue. Robertson et al. (1981) reported that in isolated adipose 
tissue pieces neither ATP-citrate lyase nor pyruvate dehydrogenase limited fatty 
acid synthesis from glucose and recent studies indicate that the likely rate-limiting 
steps occur earlier in glycolysis; hexokinase, phosphofructokinase and pyruvate 
kinase have been suggested as steps which may have key roles in controlling the 
flux of glucose C to fatty acids (Smith & Prior, 1981; Robertson et al. 1982; Yang 
et al. 1982). 

Lactate has been reported to be a significant lipogenic precursor for fatty acid 
synthesis in both sheep and cattle adipose tissue (Prior, 1978; Whitehurst et al. 
1978). The negligible incorporation of radioactivity from [ ~-‘“Cllactate into fatty 
acids suggests that the route of metabolism is via pyruvate dehydrogenase 
(Vernon, 1980a) and this is supported by the results of Smith & Prior (1981) which 
show that lactate is converted to fatty acids via citrate; the latter authors suggest 
that the activities of ATP-citrate lyase and malate dehydrogenase (oxaloacetate- 
decarboxylating) (NADP+) are not rate-limiting in the conversion of lactate to fatty 
acids. The use of selective inhibitors has also shown acetyl-CoA carboxylase and 
fatty acid synthetase to be involved (Prior et al. 1981). 
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Changes in hepatic and adipose tissue fat ty  acid synthesis during post-natal and 
post-weaning growth 

During the suckling period in rats and mice, the rate of fatty acid synthesis and 
the content of lipogenic enzymes of neonatal tissues is low; this has been attributed 
to the high fat content of maternal milk (Ballard & Hanson, 1967). On weaning 
there is usually a change from a low- to a high-carbohydrate diet and this results in 
a marked increase in fatty acid synthesis and lipogenic enzyme activity in both 
liver and adipose tissue (Ballard & Hanson, 1967; Taylor et al. 1967; Bazin & 
Lavau, 1982). During the post-weaning period the rate of fatty acid synthesis in 
different body tissues varies with age in both mice (Le Marchand-Brustel & 
Jeanrenaud, 1978; Rath & Thenen, 1980) and rats (Godbole & York, 1978; 
Gandemer et al. 1979, 1982). In both species similar results were obtained; fatty 
acid biosynthesis was low in both liver and adipose tissue during the suckling 
period and increased dramatically immediately after weaning. A similar post- 
weaning increase in adipose tissue fatty acid synthesis has been observed in the pig 
(Mersmann et al. 1973). Hepatic fatty acid synthesis and lipogenic enzyme 
activities remained high in the young adult rat (<3 months old) but were reduced 
in both dissectable adipose tissue and the ‘rest of the carcass’ which also contained 
adipose tissue depots (Gandemer et al. 1979, 1982). 

Changes in lipogenic enzyme activity in both liver and adipose tissue have been 
investigated in sexually mature male and female rats. Although no differences were 
found in enzyme specific activities in adipose tissue (Gandemer et al. 1979) it was 
observed that, in liver, the enzyme activities were higher in females than in males 
(Webb & Bailey, 1975; Gandemer et al. 1979). The studies of Lockwood et al. 
(1970) suggest that both male and female sex hormones are involved in controlling 
the specific activities of these enzymes. 

In avian species the situation is opposite to that in mammals during the 
immediate post-natal period. On hatching, the diet changes from the high-fat diet 
of the embryo to a high-carbohydrate cereal mash and the rate of hepatic 
lipogenesis increases rapidly on hatching and feeding (see Pearce, 1977). During 
this early post-natal period the specific activities of the hepatic lipogenic enzymes 
also increase rapidly. The increases in ATP-citrate lyase, acetyl-CoA carboxylase 
and fatty acid synthetase on hatching occur before food is provided, showing that 
they are independent of feeding, whereas malate dehydrogenase (oxaloacetate- 
decarboxylating) (NADP+) does not increase in activity before feeding commences. 
In contrast, the activities of these enzymes, and also fatty acid biosynthesis in 
avian adipose tissue, remain low from the late embryonic stage until at least 4 
weeks after hatching. Hepatic lipogenic enzyme specific activity has been observed 
to remain high until around 7 weeks of age and then decline to much lower levels 
between 10 and 22 weeks of age. With the onset of sexual maturity and the 
commencement of egg laying, hepatic lipogenic enzyme activities in the pullet 
increase to levels similar to those seen in early post-natal development (Pearce, 
1971, 1972). Such increases in lipogenic enzyme activity are not found in cockerels 
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as a result of sexual maturity and are probably related to egg production and the 
related requirement for lipid in the laying hen (Pearce, 1971). 

Effect of diet on fat ty  acid synthesis 
The quantity and nature of ingested food have marked effects on the pathways 

of lipogenesis. 
Periodicity of feeding. With regard to the quantity of food consumed it is well- 

established that the pattern of food intake, by meal-feeding, ad lib.-feeding, 
fasting, refeeding after a fast or force feeding, results in significant alterations in 
fatty acid synthesis in mammals (Leveille, 1972; Baker et al. 1978) and avian 
species (Pearce, 1974). Fasting and refeeding after a fast generally have similar 
effects on both liver and adipose tissue fatty acid synthesis; however, comparisons 
of the effects of meal-feeding and ad lib.-feeding in rats indicate that adipose tissue 
is the primary site of fatty acid synthesis in meal-fed animals (Leveille, 1972). 

There are significant diurnal rhythms in fatty acid biosynthesis in both liver and 
adipose tissue of laboratory rodents with a marked increase in ad lib.-fed animals 
during the dark period (Hems et al. 1975; Cawthorne & Cornish, 1979; Cornish & 
Cawthome, 1978; Kimura et al. 1970; Godbole & York, 1978). Rodents ingest 
most of their food during this period and so the variations in fatty acid synthesis 
may be due partly to alterations in the pattern of circulating substrates and 
hormones in response to feeding. 

Effect of dietary fat and carbohydrates. The relative quantities of carbohydrate 
and lipid in the diet and the nature of these components have profound effects on 
fatty acid synthesis in both liver and adipose tissue. The fact that mammals can 
convert carbohydrate to fatty acids and deposit these as triglycerides in adipose 
tissue is well-established. Stetten & Boxer (1944) reported that, in rats fed on fat- 
free diets, 30% of the ingested carbohydrate was converted to fatty acids; similar 
effects were obtained in mice (Masoro et al. 1949). However, the inclusion of fat in 
the diet results in marked reductions in the rate of fatty acid biosynthesis from 
carbohydrate (Patkin & Masoro, 1964; de Freitas & Depocas, 1965). 

The effects of dietary lipid on hepatic and adipose tissue fatty acid synthesis 
appear to depend upon the character of the lipid. Dietary saturated fat inhibits the 
activities of acetyl-CoA carboxylase (Volpe & Vagelos, 1976) and fatty acid 
synthetase (Knoche et al. 1973), whereas polyunsaturated fat controls the quantity 
of lipogenic enzymes in the liver (Musch et al. 1974; Flick et al. 1977; Toussant 
et al. 1981). Fewer investigations have been made to compare the effects of the 
type of dietary fat on adipose tissue metabolism but studies in the rat (Waterman 
et al. 1975; Knoche et al. 1973; Loriette & Lapous, 1976) and the pig (Waterman 
et al. 1975) indicate that saturated fat has a greater effect in suppressing fatty acid 
synthesis than unsaturated fat. Similar effects of dietary saturated fat have been 
observed in sheep, but in steers the provision of both saturated and unsaturated fat 
resulted in reduced adipose tissue fatty acid synthesis although the process was 
more sensitive to dietary polyunsaturated fat (Vernon, 1 9 8 0 ~ ) .  There are clearly 
organ-specific as well as species-specific responses to the character of dietary fat. 
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The type of dietary carbohydrate also influences fatty acid synthesis. It is well- 

established that substituting sucrose or fructose for starch or glucose in the diet 
results in increases in lipogenesis in man (Anderson et al. 1963; Antar & Ohlson, 
1965; Macdonald, 1965), rats (Nikkila & Ojala, 1965; Zakim et al. 1967) and 
domestic fowl (Grant & Fahrenbach, 1959; Pearce, 1970). The effects of sucrose 
feeding are due to its fructose moiety. In species such as the rat, where both liver 
and adipose tissue contribute to de now0 fatty acid synthesis, dietary manipulations 
generally affect both tissues in a similar fashion. However, fructose feeding 
increases hepatic fatty acid synthesis but reduces synthesis in the adipose tissue 
(Romsos & Leveille, 19743). This effect is also reflected in lipogenic enzyme 
activity in liver and adipose tissue (Bruckdorfer et al. 1972; Chevalier et al. 1972). 
It would, therefore, appear that glucose and starch are the precursors for adipose 
tissue fatty acid synthesis, whereas sucrose and fructose are precursors for hepatic 
fatty acid synthesis. 

Effect of temperature on fat ty  acid synthesis 
During cold exposure, homoeotherms increase heat production to maintain their 

body temperature. In this process, fatty acids are mobilized from white adipose 
tissue and oxidized by other tissues, particularly brown adipose tissue and muscle 
(Masironi & Depocas, 1961; Masoro, 1966; Jansky, 1973). Acute and chronic 
exposure of rats and mice to cold results in a significant increase in fatty acid 
synthesis in liver and white and brown adipose tissues (Rath et al. 1979; 
Trayhurn, 1979). It has been suggested that an increase in fatty acid synthesis may 
be an integral part of the biochemical response to a decrease in ambient 
temperature in that it provides a preferred substrate for oxidation and hence the 
acute thermoregulatory response (Rath et al. 1979). 

Concluding remarks 
It is clear from the above discussion that many factors affect the rates of fatty 

acid synthesis in the liver and adipose tissue; these, in turn, influence the relative 
contributions of liver and adipose tissue to total fatty acid synthesis. It is necessary 
to take these factors into account, particularly diet, age, physiological state, species 
and strain and their inter-relationships, when comparing tissue fatty acid synthesis 
both within and between species. 
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