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Current research on lipid metabolism in ruminants aims to improve the growth and
Abstract
health of the animals and the muscle characteristics associated with meat quality. This review, therefore, focuses on fatty acid (FA) metabolism from absorption to partitioning between tissues and
metabolic pathways. In young calves, which were given high-fat milk diets, lipid absorption is
delayed because the coagulation of milk caseins results in the retention of dietary fat as an insoluble
clot in the abomasum. After weaning, the calves were fed forage- and cereal-based diets containing
low levels of long-chain fatty acids (LCFA) but leading to high levels of volatile fatty acid (VFA) production by the rumen microflora. Such differences in dietary FA affect: i) the lipid transport system
via the production of lipoproteins by the intestine and the liver; and (ii) the subsequent metabolism
of lipids and FA by tissues. In preruminant calves, high-fat feed stimulates the secretion of triacylglycerols (TG)-rich lipoproteins (chylomicrons, very-low density lipoproteins (VLDL)). Diets rich
in polyunsaturated FA (PUFA) stimulate the production of chylomicrons by the intestine (at peak lipid
absorption) and of high density lipoproteins by the liver, leading to high blood concentrations of
cholesterol. High levels of non-esterified FA (NEFA) uptake by the liver in high-yielding dairy
cows in early lactation leads to TG infiltration of the hepatocytes (fatty liver). This is due to the low
chronic capacity of the liver to synthesise and secrete VLDL particles. This abnormality in hepatic
FA metabolism involves defects in apolipoprotein B synthesis and low availability of apolipoproteins
and lipids for VLDL packaging. Fatty liver in calves is also caused by milk diets containing either soybean oil (rich in n-6 PUFA), or coconut oil (rich in C12:0 and C14:0). The ability of muscle tissue to
use FA as an energy source depends on its mitochondrial content and, hence, on many physiological
factors. The uptake and partitioning of LCFA between oxidation and storage in muscle is regulated
by the activity of key intracellular enzymes and binding proteins. One such protein, carnitine palmitoyltransferase I (CPT I) controls the transport of LCFA into mitochondria. Metabolites derived
from LCFA inhibit glucose oxidation, decrease the activity of CPT I and decrease the efficiency of
ATP production by mitochondria. Most research on tissue lipid metabolism in ruminants is focused
on: i) the partitioning of FA oxidation between intracellular peroxisomes and mitochondria in the liver
and in muscles; (ii) the regulation of lipid metabolism by leptin, a recently discovered hormone
-
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secreted by mature adipocytes; and iii) the effects of activation of the nuclear receptors (PPARs and
RXR) by LCFA or by phytol metabolites derived from chlorophyll. &copy; Inra/Elsevier, Paris.
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Résumé &horbar; Absorption intestinale, transport sanguin et métabolisme hépatique et musculaire
des acides gras chez les animaux préruminants et ruminants. Les recherches en cours sur le
métabolisme lipidique chez le ruminant visent à améliorer la croissance et la santé des animaux ainsi
que les caractéristiques des muscles en relation avec la qualité des viandes. Cette revue a donc pour
objectif de traiter spécifiquement le métabolisme des acides gras, de leur absorption intestinale à
leur répartition entre tissus ainsi que les voies métaboliques mises en jeu dans ces processus. Chez le
Veau préruminant recevant des aliments d’allaitement riches en matières grasses, l’absorption intestinale des lipides est retardée par la coagulation des caséines du lait entraînant la rétention des lipides
alimentaires dans un caillot insoluble dans la caillette. Après le sevrage, les veaux reçoivent des aliments solides à base de foin et de céréales pauvres en acides gras à chaîne longue (AGCL) mais
conduisant à la formation d’acides gras volatils (AGV) par l’action de la microflore ruminale. De telles
différences de composition des acides gras alimentaires entraînent des modifications (i) du système
de transport sanguin des lipides via la production de lipoprotéines par l’intestin et le foie et (ii) du métabolisme résultant des lipides et des acides gras par les tissus. Chez le veau préruminant, les aliments
lactés riches en matières grasses stimulent la sécrétion des lipoprotéines riches en triglycérides (TG)
(chylomicrons, lipoprotéines de très faible densité [VLDL]). Les aliments lactés riches en acides
gras polyinsaturés (AGPI) stimulent la production intestinale des chylomicrons (au pic d’absorption des lipides) et des lipoprotéines de haute densité (HDL) par le foie conduisant à élever très fortement la cholestérolémie. Chez la vache laitière haute productrice en début de lactation, le captage
de fortes quantités d’acides gras non estérifiés (AGNE) par le foie entraîne une infiltration lipidique
du foie (foie gras). Ceci est le résultat d’une faible capacité chronique du foie à synthétiser et sécréter des particules de VLDL. Cette anomalie du métabolisme hépatique des acides gras est consécutive à des défauts de synthèse de l’apolipoprotéine B et d’une faible disponibilité des apolipoprotéines
et des lipides pour l’assemblage des VLDL. L’apparition d’un foie gras, également observé chez le
veau préruminant, peut être provoquée par la consommation d’aliments d’allaitement enrichis en
huile de soja (riche en AGPI n-6) ou en huile de coprah (riche en C12:0 et C14:0). La capacité du tissu
musculaire à utiliser les acides gras comme source énergétique dépend de sa teneur en mitochondries
et par conséquent de nombreux facteurs physiologiques. Le captage et le partage des AGCL entre les
voies d’oxydation et de stockage dans le muscle sont sous le contrôle des activités d’enzymes-clés et
de protéines de liaison intracellulaires. Ainsi, la carnitine palmitoyltransférase I (CPT I) contrôle
l’entrée des AGCL dans les mitochondries. De plus, les métabolites des AGCL inhibent l’oxydation
du glucose, l’activité de la CPT 1 et l’efficacité de production d’ATP par les mitochondries. La plupart des recherches actuelles sur le métabolisme des lipides chez les ruminants concernent (i) l’équilibre de l’oxydation des acides gras entre les peroxysomes et les mitochondries intracellulaires dans
le foie et les muscles, (ii) la régulation du métabolisme lipidique par la leptine, hormone récemment
découverte produite par les adipocytes mâtures et (iii) les effets de l’activation de récepteurs nucléaires
(PPARs et RXR) par les AGCL et par les métabolites du phytol dérivés de la chlorophylle.
@ Inra/Elsevier, Paris.
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Abbreviations: DM, dry matter; FA, fatty acids; FFA, free FA; NEFA, non-esterified FA;
VFA, volatile FA; MCFA, medium-chain FA; LCFA, long-chain FA; PUFA, polyunsaturated FA;
KB, ketone bodies; !-OHC4, (3-hydroxybutyrate; TG, triacylglycerols; VLDL, very-low density
lipoproteins; LDL, low density lipoproteins; HDL, high density lipoproteins; LPL, lipoprotein lipase;
HSL, hormone-sensitive lipase; CS, citrate synthase; ICDH, isocitrate dehydrogenase; BDH, (3hydroxybutyrate dehydrogenase; PDH, pyruvate dehydrogenase; FABP, fatty acid binding protein;
ACBP, acyl-CoA binding protein; CPT, carnitine palmitoyltransferase; ANT, adenine nucleotide
translocase; MTP, microsomal transfer protein; apo B, apolipoprotein B.

1. INTRODUCTION
Preruminant calves are fed whole milk or
milk-replacers containing large amounts of

lipids as triacylglycerols (TG) (220-280 g/kg
diet dry matter (DM)). Therefore, a mean
of 30-45 % of energy is absorbed from longchain fatty acids (LCFA) in the calf. Generally, animal fats such as beef tallow or
lard are added to the milk-replacers because
they contain similar amounts of unsaturated
and saturated LCFA to normal milk fat.
However, the use of animal food products is,
nowadays, associated with the development
of bovine spongiform encephalopathy. Vegetable oils containing LCFA, medium-chain
fatty acids (MCFA) or polyunsaturated fatty
acids (PUFA) have been suggested as an
alternative source of FA for milk replacers
for calves.

Only small quantities of fats (less than
50 g/kg DM) are generally present in feed
for ruminants after weaning. Therefore, the
percentage of energy absorbed as volatile
fatty acids (VFA) produced by ruminal fermentation of food averages 50 % for maizebased concentrate diets and 66 % for forage diets, whereas LCFA account for only 8
to 10 % of absorbed energy [53]. Differences in the amount and proportion of VFA
finally absorbed may greatly affect energy
metabolism and, thereby, the quality of meat
or of milk.

of the various classes of fatty acids (FA)
[VFA, MCFA, LCFA and ketone bodies
(KB)] between the major body tissues. A
second aim is to investigate the metabolic
uses of various FA as energy sources for
meat production or as lipogenic precursors
for milk fat. This review describes the process of intestinal absorption, transport and
fate of FA in the liver and peripheral tissues
(mainly muscles). The transport of FA by
phospholipids and cholesterol esters will
not be considered in this review.

2. LIPID ABSORPTION
AND TRANSPORT TO THE LIVER
AND PERIPHERAL TISSUES
2.1. Digestion of lipids
in preruminants and ruminants

Fats can be added to the diets of growing
weaned cattle [20] or lactating cows [81]
for nutritional or economical reasons to: i)
increase the energy content of the diet,
thereby satisfying the energy requirements
of high-yielding animals; ii) use high-quality cheap fats from industry to replace carbohydrates; iii) manipulate the nutritional
value or quality of milk and meat; and iv)
improve the metabolic efficiency of key
organs (e.g. the liver) and thus, the general
health status of the animal.

Weaned ruminants differ from singlestomached animals in that food is fermented
by the micro-organisms present in the
rumen. Dietary carbohydrates (e.g. cellulose, hemicellulose, starch, soluble sugars)
are indeed degraded to hexoses and pentoses which are then fermented to produce
VFA, principally acetate, propionate and
butyrate (for reviews see [35, 114]). This
process results in low levels of intestinal
absorption of carbohydrates in ruminants.
Therefore, there is much less diet-induced
secretion of insulin with a conventional
ruminant diet than with a diet rich in lactose which is not fermented in the rumen
[44]. Consequently, the liver and peripheral
tissues are regularly exposed to large
increases in plasma insulin concentration in
response to food intake in milk-fed calves
and lambs but not in weaned ruminants. This
is of great importance because insulin regulates lipid metabolism. One of its major
effects is to reduce the delivery of FA to the
liver or muscles via its anti-lipolytic effect
on adipose tissue.

Consequently, the main aim of current
research on lipid metabolism in ruminants is
to improve knowledge of the partitioning

In ruminants, TG are first extensively
hydrolysed in the rumen by lipases, leading
to the formation of free FA (FFA) which

subjected to partial (C18:2n-6, C18:3n-3)
hydrogenation by rumen hydrogenases.
Incomplete hydrogenation produces variare

ous

cis and trans isomers of monoenoic FFA

(e.g. C 18:1 n-9 and C 18:1 n-7) and isomers of
PUFA, such as conjugated linoleic acid.
This microbial activity in the rumen results
in absorbed FFA being far more saturated
than dietary FFA. Absorbed FFA also contain specific bacterial FA, such as odd-chain
or branched-chain FA. High-fat diets in
ruminants often decrease the extent of carbohydrate digestion, and increase propionic
acid levels in the rumen (for reviews, see
[20, 23]). Various techniques of lipid protection (lipid encapsulation, saponification
of LCFA) have been used to limit the extent
of ruminal lipid hydrogenation and disturbances in fermentation (for reviews, see [5,

23, 54]).
The digestion of fats in preruminants differs from that of adult ruminants because
the rumen is not functional. The coagulation of milk caseins also results in the retention of dietary TG as an insoluble clot in
the abomasum for several hours. Consequently, peak lipid absorption occurs 5-7 h
later in calves than in conventional monogastrics (for review, see [8]). However, if

calves are fed with milk replacers rich in
fish protein, which do not curdle in the abomasum, then nutrient absorption is more
rapid [ 112] and the postprandial levels of
insulin secretion are often lower [40].
2.2. Intestinal absorption
of lipids in ruminants

(C2 to C6) are absorbed by the
[80] and, to a lesser extent, by the
abomasum [32]. VFA are absorbed via the
VFA

rumen

wall by simple diffusion. Most of the
acetate, and especially of the butyrate present may be converted into KB [acetoacetate and (3-hydroxybutyrate ((3-OHC
)] dur4
ing absorption. Thus, the gut is the principal
source of VFA and KB in fed ruminants
(figure 1), whereas in monogastrics and preruminants these metabolites are mainly produced by the liver.
rumen

For all

mammals, medium-chain FA
C12) are absorbed by the small
intestine and are mainly secreted as NEFA,

(MCFA,

<

specifically in the portal blood (for review
[2]). LCFA are absorbed by the epithe-

see

lial cells of the small intestine and are reesterified (for review see [5]). The result-

TG are incorported into chylomicrons
and very-low density lipoproteins (VLDL),
which are mostly transported in lymph [61],
but also via the portal vein at peak lipid
absorption [27] (figure 1). In sheep, unsaturated LCFA absorbed by the intestine stimulate the intestinal secretion of chylomicrons, whereas saturated LCFA, which are
generated by the hydrogenation of unsaturated FA by ruminal bacteria, specifically
cause the intestinal production of VLDL

ing

lesser extent than those in fasted rats. In
contrast, plasma concentrations of KB
increase more during lactation in cows than
in rats (for review see [3]). In normally fed
sheep, about 70 % of the KB originate from
the gut and 30 % from the liver. KB are
taken up mainly by muscles (60 %) and, to
a lesser extent, by the liver (20 %) and the
kidney (20 %). However, the relative size
of these fluxes change greatly during fasting,
pregnancy or lactation (for review [48]).

[47].
Total intestinal chylomicron and VLDL
production reaches a maximum 8 h after
intake in preruminant calves fed a conventional milk-replacer in a single daily meal
[27]. In contrast, with a milk diet that does
not curdle in the abomasum, postprandial
levels of circulating TG and FFA are higher
than in conventionally fed calves [6, 40].
Chylomicron synthesis and secretion by the
gut are stimulated by various dietary factors, including high levels of fat in milk
diets, large amounts of amino acids limiting protein synthesis (L-methionine), or the
addition of cholesterol to the milk-replacer
(for review see [9]).

2.3.

Lipid transport systems

2.3.1. VFA and KB
VFA and KB are water-soluble molecules
that diffuse more readily than FFA and TG.
The plasma concentrations of VFA and KB
are much higher in ruminants than in monogastrics such as humans (for review see [82])
or rats (for review see [3]) because large
amounts of VFA and KB are produced by
the rumen microflora. The principal circulating KB in ruminants is !-OHC4 but in
rats, it is acetoacetate (for review see [3]).
Plasma levels of KB may increase in all
species during fasting or if there is a high
productive demand such as lactation. Noncows are more resistant
than rats to food deprivation because their
plasma concentrations of KB increase to a

productive dairy

2.3.2. LCFA and TG
In the fed animal, NEFA account for less
than 5 % of the total mass of plasma lipids.
TG (< 10 % of total plasma lipids) is present
mainly in the lightest lipoproteins (chylomicrons, VLDL). Pethick and Dunshea
[84] quantified NEFA and TG fluxes over a
24-h period in sheep fed maintenance
roughage diets. They found that 40 % of
NEFA originate from fat mobilisation in
adipose tissues and 60 % originate from the
hydrolysis of circulating TG by lipoprotein
lipase (LPL). This suggests a key role for
LPL in the regulation of overall lipid
metabolism. TG are produced in the gut
(65 % of total circulating TG) or the liver
(35 % of TG according to Pethick and Dunshea [84]). These fluxes, however, depend
on the species, the type of diet and the kinetics of nutrient absorption after a meal. Nevertheless, most of the TG of dairy cows also
have an intestinal rather than hepatic origin

(for review,

see

[43]).

The composition and characteristics of
the bovine lipoproteins have been investigated by several analytical methods in various physiological and nutritional conditions (for review see [5]). Most of the
lipoproteins in bovine plasma are high density lipoproteins (HDL) (> 80 % of total
lipoproteins) whereas, in human plasma,
low density lipoproteins (LDL) are the most
abundant (> 55 % of total lipoproteins).
However, as in humans, the principal bovine
lipoproteins of intestinal origin in the lymph
are chylomicrons and VLDL, which con-

tain

a unique isoform of apolipoprotein B
(apo B) which is similar to human apo B48
[62]. In contrast, plasma VLDL contain two

apo B isoforms: apo B 48 and apo B 100,
both derived from the same gene. The truncated isoform, apo B 48, is generated by
editing, a post-transcriptional RNA modification. Apo B mRNA is almost completely
edited in the bovine intestine (95 %) with
less editing in sheep (40 %) and horses
(73 %) [39]. This is why the VLDL present
in the intestinal lymph of cattle contain only
apo B48. Apo B mRNA is detectable at
early stage of gestation (90 days) in bovine
foetal liver [42].

2.4. Fate of lipids
Absorbed acetate and

primarily as energy

butyrate are used
They are oxiacid cycle which takes
sources.

dised via the citric
place in the mitochondria. Acetate is also
the principal substrate for lipogenesis in all
fat deposits except those of intramuscular
fatty tissue [ 104]. Propionate is used mostly
for gluconeogenesis within the liver and is
thus, the principal source of glucose in
weaned ruminants (figure 2).
NEFA

are

stored

as

TG within the liver

adipose tissues, oxidised in tissues such as
the liver, heart or muscles or are recycled
by the liver (figure 1). The liver secretes
lipids in various forms including acetate,
KB and lipoproteins containing TG. Pethick
and Dunshea [84] estimated that, in sheep
fed maintenance roughage diets, 34 % of
circulating NEFA are stored, 40 % oxidised
and 26 % recycled by the liver over a 24-h
period.
The rate of VLDL synthesis and secretion by the liver is much smaller in cattle
than in primates or in rodents [93]. This may
be the reason why bovine livers, especially
those of calves fed high-fat diets or of pregnant or lactating cows, do not efficiently
recycle FFA if large amounts of FA are
taken up. The animals in such cases develop
steatosis. Therefore, a better understanding
or

of hepatic lipid metabolism is required if
we are to understand how to manipulate biological mechanisms to restore the health or
high yields of milk or meat of these animals

(for reviews,

see

[8, 41]).

3. FATTY ACID METABOLISM
IN THE LIVER

3.1. Origin and metabolism
of short-chain fatty acids in the liver
Short-chain FA (VFA and KB) originate
either in the gut, from which they are transported by the portal vein, or in hepatocytes
from LCFA catabolism. Short-chain FA are
then catabolysed, recycled to produce other
metabolites or re-secreted into the general
circulation ( figure 2).
As 85-90 % of the propionate in the portal vein is removed in a single pass through
the liver, only small amounts of propionate
reach other tissues. Most propionate is converted to glucose within the liver so, the rate
of gluconeogenesis increases with food
intake in ruminants, in contrast to the situation observed in monogastric animals. Propionate inhibits the use of other gluconeogenic substrates, such as lactate (for
review, see [15]). It inhibits short-chain FA
oxidation [101] and ketogenesis. Several
mechanisms for such inhibition have ben

suggested (for review, see [43]). Propionate
also inhibits de novo lipogenesis (incorporation of acetate into FA) in rat liver [79].
More than 80 % of the absorbed butyrate
is removed in a single pass through the liver.
The end-products of butyrate metabolism
by the liver are acetyl-CoA, LCFA and KB.
However, more KB are produced by the
liver if LCFA is available as a substrate than
if butyrate is used (for reviews, see [15,

114]).
Acetate is not metabolised by the liver
any great extent because only a small proportion of the available acetate is taken up
by the liver, ensuring a large supply of
to

acetate for other tissues. However, the
uptake of acetate is masked by coincident
acetate production by the liver. Within the
liver, acetate is mainly used for anabolism,

such as de novo LCFA lipogenesis rather
than for oxidation and ATP production (for
review see [114]).
The different fates of VFA are probably
due to the difference in the ability of the
bovine liver to activate VFA: the bovine
liver contains acyl-CoA synthetases necessary for the uptake of propionate and
butyrate but has little acetyl-CoA synthetase

activity [95].
3.2. Origin and metabolism
of LCFA in the liver

The pool of LCFA in the liver is derived
mainly from plasma NEFA (figure 2). The

removes 7-25 % of the NEFA presented to it. The supply of NEFA to the liver
depends on blood flow and NEFA concentration, which increases with fat mobilisation
from adipose tissue [16, 28]. Finally, the
hydrolysis of circulating TG by a lipase may
also be a minor source of hepatic LCFA (for

liver

reviews

see

[8, 10, 31]). There is almost no

hepatic lipase activity in cattle, in contrast to
the situation in rodents, so, the lipase
involved is probably the LPL bound to the
endothelium of capillaries in the hepatic
sinusoids (for reviews, see [8, 16]).
The LCFA in the liver is esterified or
oxidised (figure 2). The partitioning between
these two pathways is regulated, at least in
part, by two binding proteins: the FA binding protein (FABP) and the acyl-CoA binding protein (ACBP). The function of these
proteins may be to create two cytoplasmic

pools of unactivated and activated FA which
then directed to the sites of esterification or oxidation within hepatocytes. The
bovine ACBP has been purified from cow
liver and sequenced [74]. In rodents, the
expression of the liver-type FABP is transcriptionally increased by LCFA but not by
SCFA [73]. This mechanism may be of great
importance in preruminant calves fed fatrich diets.
are

The various metabolic pathways involved
in LCFA metabolism will be discussed in
greater details later. Briefly, esterification
produces TG, which are either stored in the
cytosol or transported into the microsomes
and secreted in VLDL particles (for review
see [41]). Alternatively, FA may be oxidised in peroxisomes and mitochondria, to
produce free energy !gure 2). Acyl-CoA
is transported into or out of the various liver
organelles (microsomes, peroxisomes, mitochondria) via a carnitine-dependent system
involving carnitine palmitoyl- and carnitine
octanoyltransferases (CPTs and COTs,
respectively). These enzymes are products of
separate genes and the regulation of their
activity, especially by malonyl-CoA, is of
key importance for overall hepatic lipid
metabolism (for review, see [13]).
The nature of the diet (fat to carbohydrate ratio, fat content, FA composition) and
hormones regulate the partitioning of fats
between the various hepatic metabolic pathways. For example, insulin stimulates de
novo lipogenesis and FA esterification [17]
but inhibits FA oxidation (for review, see
[122]). In cows, 76 % of palmitate is esterified and 24 % oxidised by liver slices in
the fed state, whereas 33 % is esterified and
66 % oxidised in the fasted state [25].

Dysregulation of the partitioning of FA
between these hepatic metabolic routes may
lead to accumulation of TG in the liver (fatty
liver) or ketosis. Fatty liver occurs in
20-60 % of dairy cows at calving. It results
in poor liver function, low voluntary feed
intake, low disease resistance and slow
recovery from disease. Its incidence may

be reduced by nutritional treatments such
as the intravenous infusion of L-methionine and L-lysine or choline, which stimulate hepatic VLDL secretion, thereby
decreasing hepatic TG storage. Fatty liver
resolves if the FA supply to the liver is
reduced, for example after 12 weeks of lactation, when FA mobilisation from the adipose tissue is not so high (for reviews, see
[16, 28, 41, 43]). Ketosis and FA oxidation
in general are the major means of removing excess fat from the liver. KB may inhibit
adipose tissue lipolysis, thereby reducing
the FA supply to the liver and preventing
hepatic FA accumulation (for review, see
[31]). Fatty liver may also occur in veal
calves, it may affect the growth and health of
these animals (for review, see [9]) and their
liver metabolism and function [16, 17, 110].
Lipid infiltration in the veal calf can be
resolved with low-fat diets or prevented by
the addition of sorbitol to the milk-replacers

[7].
3.3. Regulation of LCFA transport
into mitochondria
LCFA-CoA esters are transported into
mitochondria via a complex camitine-dependent process which involves the co-ordinated action of two carnitine palmitoyltransferases (CPT I and CPT II) and of a
translocase (for reviews, see [13, 70]). Carnitine levels in the ruminant liver increase in
various conditions of metabolic stress (fasting, diabetes, toxaemia during pregnancy,
hepatic TG accumulation) [106]. Carnitine
stimulates palmitate oxidation in bovine
liver slices [24, 25, 55] suggesting that it
regulates FA flux via the oxidative pathway. However, it is generally accepted that
CPT I activity is the rate-limiting step of
LCFA translocation into mitochondria,
which regulates LCFA oxidation, and
thereby, ketogenesis. CPT I activity is inhibited by malonyl-CoA, the synthesis from
acetate of which is stimulated by insulin.
Malonyl-CoA [24, 55], acetate and insulin
[56] have been shown to inhibit palmitate

oxidation in bovine liver slices. The bovine
hepatic CPT I is 8 to 10 times more sensitive
to malonyl-CoA inhibition [55] than is that
of the rat [71]. If insulin levels are high, the
effects of the changes in absolute malonylCoA concentration may be amplified by
concomitant changes in CPT I kinetic properties or by a decrease in CPT I gene expression (for review, see [ 122]). In contrast, low
insulin levels in early lactation are likely to
result in low malonyl-CoA concentration,
thereby increasing ketosis. CPT I may also
be inhibited by methylmalonyl-CoA produced from propionate. If the amounts of
propionate reaching the liver are low, due,
for example, to low food intake, then the
level of ketosis in the ruminant liver may
be high (for review, see [121]). Other studies have shown that incubation of cultured
rabbit foetal hepatocytes with LCFA induces
expression of the gene encoding CPT I [92].

If such a mechanism operates in vivo in cattle, there should be very large changes in
CPT I gene expression on weaning of the
calf. However, VFA, KB and MCFA, readily penetrate into liver mitochondria independently of carnitine and of CPT I.

3.4. Regulation
of LCFA catabolism and ketogenesis
FA are broken down by the (3-oxidation
pathway in mitochondria to give acetyl-CoA
(figure 3) which is completely broken down
via the Krebs cycle, or converted into acetate
or KB (for review, see [45]). Depending on
nutritional status, 4-30 % of circulating
acetate and 10-55 % of !-OHC4 may be
derived from hepatic oxidation of LCFA in
cattle (for review, see [31]). Ketogenesis is
stimulated by fasting due to increased fat
mobilisation, and to a low insulin/glucagon

ratio stimulating FA transfer into mitochondria. Pregnancy and, particularly, lactation, result in even greater levels of fat
mobilisation leading to hyperketonaemia.
There are several enzymes for each step in
the (3-oxidation pathway, differing in their
chain-length specificity [30]. The ruminant
liver contains two mitochondrial 3-hydroxyacyl-CoA dehydrogenases whereas the liver
of monogastric animals contains only one
[58]. Propionyl-CoA inhibits the short-chain
acyl-CoA dehydrogenase in bovine liver
[ 10 1 ], demonstrating that FA (3-oxidation
may be decreased by propionate originating from the rumen. A high NADH/NAD
ratio also inhibits the (3-oxidation of FA.
This ratio is regulated within the cytosol or
mitochondria by specific dehydrogenases
particularly the (3-hydroxybutyrate dehydrogenase (BDH). However, in ruminants,
the BDH activity within hepatic mitochondria is 50-100 times lower than that in rats
and humans [69]. This may be a specific
mechanism by which the ruminant liver
increases the NADH/NAD ratio, thereby
limiting FA oxidation and ketogenesis (for
review see [31]). In addition, the conversion of propionate to propionyl-CoA or succinyl-CoA inhibits 3-hydroxy-3-methyl-glu-

taryl-CoA synthase, thereby decreasing
ketogenesis [68] (for review, see [43]).
It is well known from studies in other
unlike mitochondria, peroxisomes only shorten FA (figure 2), and that

species that,

3.5. Free energy

production

The last step is the conversion into ATP
of the free energy obtained from FA
catabolism (figures 2 and 3). FA catabolism
leads to protons accumulating between the
two mitochondrial membranes via the respiratory chain. The process is similar in
heart, liver and muscles (research with the
bovine heart is described here). However,
cytochrome c oxidase, which catalyses the
principal regulatory step of the respiratory
chain, differs in kinetic and structural properties between the liver and the heart in cattle [72]. Various observations suggest that
there is species-specific and tissue-specific
regulation of the energy supply because the
tissue-specific expression of the genes
encoding subunits VIa and VIII of cytochrome c oxidase in the heart differs between
bovines, rats and humans [1]. The next step
is the generation of ATP from the proton
gradient by ATP synthase. However, some
protons are lost because the inner mitochondrial membrane is leaky; ATP production is therefore relatively inefficient with
ATP production uncoupled from nutrient
catabolism (figure 3). The level of proton
leakage in the liver is similar for all species
studied [96] and this process is thought to
play a key role in the regulation of hepatic
energy metabolism [107].

3.6. TG synthesis
and deposition within the liver

they are especially active against very longchain FA, and unsaturated FA (for reviews,
see [45, 113]). The rate of laurate (3-oxidation in peroxisomes is, however, higher than
that of palmitate not only in rats (for review,
see [113]) but also in preruminant calves
[90]. FA is also transported across peroxisomal membranes via a carnitine-dependent
system which is sensitive to malonyl-CoA
[13].A soluble CPT which is probably peroxisomal in origin has been identified in
bovine liver homogenates. This enzyme is
more active against LCFA than is the hepatic
peroxisomal CPT from rat or mouse [94].

The rates of de novo lipogenesis and TG
secretion by ruminant hepatocytes are lower
than those in rats, rabbits and chickens [93].
Therefore, much attention is focused on TG
metabolism and VLDL secretion in ruminants to determine the biological mechanisms that could prevent the development
of fatty liver (figure 2) [16, 41].
It is clear that the partitioning of FA
between oxidation and esterification is critical for LCFA metabolism in the bovine
liver. Glucose and propionate are thought
to increase LCFA esterification because they

converted into glycerol. This may be
of the reasons why they both inhibit
palmitate oxidation in bovine liver slices
are

one

[55, 56].
The various steps involved in the formation of TG from LCFA and TG secretion
have been reviewed by Gruffat et al. [41].
Three esterification reactions and one
hydrolysis reaction are required to bind three
molecules of LCFA to one molecule of glycerol-3 phosphate. Studies in sheep, rats (for
reviews, see [8, 10, 41]), and more recently,
in calves (Gruffat et al., unpublished data)
have shown that there are two hepatic TG
pools: a large cytoplasmic storage pool, and a
small microsomal secretory pool (figure 2).
).
The transport of TG from microsomal membranes to the site of VLDL assembly is catalysed by the microsomal transfer protein
(MTP). TG synthesised from circulating
LCFA taken up by the liver are thought to be
initially transferred into the cytosolic storage
pool. If these TG are recruited for VLDL

packaging, they are probably hydrolysed to
give LCFA before being re-esterified in the
microsomes. Secretory TG in VLDL are
thought, however, to be mainly derived from
FFA synthesised de novo in the liver. The
level of de novo lipogenesis in the liver is
low in cattle, so the microsomal secretory
pool may be of minor importance. This may
limit the secretion of VLDL predisposing
the animal to fatty liver. Alternatively, the
low levels of VLDL secretion in cattle may
be due to: i) a slow rate of apo B 100 synthesis and incorporation into VLDL particles; ii) catabolism of newly synthesised
hepatic apo B 100; or iii) a low MTP activ-

ity (for reviews, see [8, 10, 41]).
An important factor regulating hepatic
TG metabolism is the nature of the dietary
FA, such as PUFA. This may, however, be
more important in calves than in weaned
animals because: i) the dietary FA supply
is much greater before than after weaning;
and ii) extensive hydrogenation of dietary
LCFA occurs in the rumen. PLTFA-rich diets
(soybean oil rich in C 18:2n-6) lead to hepatic

TG infiltration and the apparent net secretion
of VLDL by the liver in calves. The accumulation of TG may result from: i) a higher
rate of TG synthesis than of VLDL secretion; ii) a low rate of FA oxidation; or, more
likely, iii) high levels of cholesterol ester
secretion at the expense of TG secretion.
Indeed, PUFA-rich diets stimulate the secretion of HDL by the liver leading to hypercholesterolaemia [64, 65].
The overall effect of insulin on hepatic
TG secretion is unclear because insulin stimulates esterification and lipogenesis but
decreases the availability of apo B for secretion by increasing its rate of degradation.
The balance between these effects depends
on the experimental conditions (in vivo versus in vitro) and interactions with other regulatory mechanisms such as the variation
of cell volume and oxygen supply (for

review, see [122]).
Thus, the molecular mechanisms involved in FA esterification and catabolism and
also in TG secretion by the bovine liver have
been studied especially in the dairy cow and
in the calf. However, further work is
required to control the partitioning of FA
between oxidation, deposition and secretion
as TG in VLDL in order to prevent fatty liver.

4. FATTY ACID METABOLISM
IN CARDIAC AND SKELETAL
MUSCLE
4.1. Metabolic characteristics
of bovine skeletal muscles
Muscle tissue is composed of fibres and
lesser extent, of adipocytes and connective tissue. FA are stored as TG in intramuscular adipocytes or muscle fibres, or are
broken down within fibre peroxisomes and
mitochondria (figure 4). The various muscles of the body consist of several kinds of
fibre with different metabolic properties
to a

(oxidative, glycolytic, oxido-glycolytic).
These fibres are present in various proportions in muscles depending on: i) the loca-

tion of the muscle in the body; ii) the animal
species; and iii) other nutritional and physiological characteristics such as exercise
training. Therefore, understanding the relative importance of fat in the energy metabolism of muscles requires knowledge of
the metabolic type of the muscle studied.
The biochemical pathways involved in
LCFA, KB and VFA catabolism are qualitatively similar in the heart and skeletal muscles, but FA oxidation rates differ: heart >
oxidative skeletal muscle > oxido-glycolytic
muscles > glycolytic muscles.

Enzymes involved in carbohydrate or fat
catabolism are straightforward to assay and
are often used to characterise the metabolic
properties of muscles. From these enzyme
activities, species can be tentatively ranked
according to the mean oxidative capacity of
their muscles: horse = sheep > cattle = rabbit > pig (for review, see [52]). However,
the metabolic properties of individual muscles are not uniform. For example, there are

differences between the left and right ventricles in bovine heart muscle [22] and
between proximal and distal portions of the
bovine semitendinosus muscle [14].
Active ruminants foraging widely for
food have higher oxidative muscle energy
metabolism than sedentary ruminants that
always remain within a defined home range
[109]. Furthermore, comparisons of cattle,
pigs, rabbit and rodents have shown that citrate synthase (CS) activity in the diaphragm
is correlated with resting breathing frequency [12]. This shows that the metabolic
character of a muscle is consistent with its
function.
The oxidative capacity of muscles is
directly proportional to their total volume
of mitochondria, which is higher in small

(e.g. rodents) than in large (e.g. ruminants)
animals, higher in active than in sedentary

species and higher in red than in white mus(for review, see [52]). There are two

cles

populations of mitochondria (intermyofibrillar and subsarcolemmal) in skeletal muscle, which differ in their biochemical properties in many species including cattle [88].
Their functions may be related to specific
regional (contractile elements versus cytoplasm) substrate availability or ATP needs

(for review, see [52]).
4.2. Biochemical pathways involved
in the metabolism of VFA,
KB and LCFA
The biochemical pathways involved in
FA oxidation and subsequent ATP production by the heart and skeletal muscles are
similar for all species [21, 66]. As in the
liver, FA partitioning between storage and
catabolism is regulated by hormones. For
example, insulin decreases LCFA oxidation, resulting in the incorporation of LCFA
into TG. LCFA and activated LCFA (acylCoA) also regulate energy metabolism by

acting on rate-limiting enzymes (for review,
see

[33]).

Net acetate or KB use by muscle is linearly related to arterial acetate concentration, but !-OHC4uptake by muscle is saturated above 3-4 mM [83, 85]. Extraction
rates by the hind-limb average 35-45 % for
acetate and 10!5 % for P
-OHCin ruminants [86]. Most of the acetate and KB used
are directly oxidised, resulting in 15-29 %
(for acetate) and 18 % (for KB) muscle oxidation in fed sheep at rest [82]. BDH converts !-OHC4 into acetoacetate which is then
broken down by mitochondria (figure 3).
BDH content and activity are much higher in
the hearts of sheep and cattle than in the
hearts of rats and humans in relationships
with a higher rate of (3-OHC
4 use by muscles
of ruminants [69].

hydrolyses TG from circulating
lipoproteins and thus controls the deliverey
of energy from lipoproteins to muscles, even
in ruminants [84] (figure 4). Muscle LPL
activity and gene expression are, however,
LPL

lower in ruminants than in rodents [51].
Muscle LPL may play a key role in replenishing intramuscular TG stores depleted during contractile activity. The TG stored in
the cytosol of muscle fibres are hydrolysed
by a hormone-sensitive lipase (HSL) !gure 4) (for review, see [21]) which has been
purified from the bovine heart [103]. This
enzyme is identical to the HSL present in
adipose tissue. HSL and LPL may function
as a co-ordinated unit in meeting the energy
demands of the muscle (for review, see

[21]).).
The uptake of NEFA by muscle is
directly dependent on arterial NEFA concentrations up to 1 mM. Gross extraction of
NEFA by resting muscle averages 20 % in
sheep. The level of direct oxidation of
NEFA by the resting muscle is low (from
3 to 40 % in sheep or steers). NEFA may
be oxidised after passing through intramuscular pools of TG (in adipocytes between
muscle fibres or as lipid droplets within
muscle fibres) or may be stored as acetylcarnitine in the cytosol of fibres, particularly in ruminant muscles which contain
high concentrations of carnitine. NEFA
account for 5 % of the energy metabolism in
sheep, whereas they account for 70-100 %
in humans, due to large differences in the
dietary intake of LCFA between these two
species (for reviews see [52, 84]). As in the
liver, the mechanism of NEFA uptake by
the muscle cells is probably controlled by
the partitioning of NEFA between binding
sites in the blood (albumin), plasma membranes and intracellular FABP [115] or
ACBP (figure 4). Overexpression of the
bovine ACBP suggests that ACBP creates a
pool of acyl-CoA, similarly to the way that
FABP creates a pool of LCFA (for review,
see [33]). FABP may transfer FA to oxidation (peroxisomes and mitochondria) or
esterification sites for free energy production
or storage, respectively. A positive correlation has indeed been demonstrated between
FABP activity and the rate of palmitate
esterification in fibre strips of the longissimus thoracis muscle of cattle [105]. How-

ever, the marbling score of this muscle is
not related to muscle FABP activity because
most of the intramuscular TG are stored in

intramuscular adipocytes (figure 4) which
express another type of FABP [75].
4.3. Catabolism of FA
and the generation of free energy
FA may be partially degraded in peroxiyield acyl-CoA molecules with
shorter chains or they may be directly and
completely broken down into C0
2 within
mitochondria. FA is transported into mitochondria via the CPT system (see description above and figure 3). The carnitine content of muscles is much higher in ruminants
than in rats [49, 106] or pigs [77]. Carnitine
in muscles may act as an acetyl buffer system, acetyl groups coming from circulating
acetate or being produced by LCFA
catabolism. Nevertheless, the transport of
FA into mitochondria is considered to be
limited by CPT I activity, which is strongly
inhibited by malonyl-CoA, as in the liver.
Studies in other species have demonstrated
the existence of two CPT I isoenzymes: the
liver-type (L-CPT I) and the muscle-type
(M-CPT I), both of which are expressed in
the heart of newborn rats. These two isoforms differ in their biochemical properties
(sensitivity to malonyl-CoA for example)
somes to

(for review, see [70]).
LCFA, VFA and KB

are converted into
in
mitochondria.
The acetylacetyl-CoA
CoA is then broken down by enzymes of
the Krebs cycle. The enzymes influencing
flux through the Krebs cycle are CS, isocitrate dehydrogenase (ICDH) and 2-oxoglutarate dehydrogenase [46]. The liberation
of calcium during muscle contraction activates mitochondrial dehydrogenases, thereby
stimulating FA oxidation [66]. Only a fraction of the free energy derived from FA
catabolism (approximately 40 %) is converted into ATP due to proton leakage !gure 3). ATP synthesis has been studied in
bovine heart [108]. The physiological sig-

nificance of proton leakage may be: i) a heat
production to maintain body temperature;
ii) greater potential for the regulation of
ATP production in response to higher energy
requirements; iii) a reduction in harmful free
radical production; and iv) the regulation of
carbon flux by keeping the cell NAD/NADH
ratio high (for review, see [96]). The trans-

port of ADP into mitochondria and the
export of newly synthesised ATP are catal-

ysed by the mitochondrial adenine nucleotide translocase (ANT), this step being generally considered to be the overall ratelimiting step in energy metabolism (for
review, see [33]).
The various products of FA catabolism
regulate mitochondrial activity (figure 3):
i) high levels of NADH, ATP and acetylCoA inhibit pyruvate dehydrogenase (PDH)
activity (for review, see [46]) resulting in
low levels of oxidative catabolism of the

pyruvate derived from glucose. Bovine heart

activity is also inhibited by 100 11M
pahnitoyl-CoA [60]. This interaction between
carbohydrates and FA is known as the Randle Cycle; ii) malonyl-CoA inhibits FA
PDH

transport into the mitochondria; iii) the

incomplete coupling of nutrient oxidation
with oxidative phosphorylation in mitochondria may be rendered even less comLCFA [98]. Indeed, acyl-CoA
esters, such as lauryl-CoA, palmitoyl-CoA
and oleoyl-CoA, are potent inhibitors of
ANT [99, 117]. Two separate acyl-CoA
binding sites on ANT from bovine heart
have been suggested [99, 117, 118]. A clear
correlation has also been demonstrated
between the increase in intracellular acylCoA levels and the decrease in ANT activity in dog heart. ACBP greatly reduces the
inhibition of mitochondrial ANT by LCFA
in vitro (for review, see [33]).

plete by

Thus, the molecular mechanisms involved in LCFA catabolism and ATP production in cattle have been described in detail.
However, further work is required to control
the efficiency of ATP production from FA,
so as to increase the energy available for
muscle growth.

4.4. The importance
of FA metabolism for muscle function

muscles, and is higher in cattle than in pigs

(1-6.3 %

versus

0.7-3.7 % of tissue wet

weight). Fat content is also affected by age,
The

physiological functions

of muscle

i) maintain the skeleton and allow
movement; ii) facilitate thermogenesis at
are

to:

critical physiological stages such as birth;
and iii) facilitate growth and therefore, meat
production. These functions have different
and competiting requirements for ATP. The
link between the characteristics of muscle
lipid metabolism and muscle functions has
been reviewed in meat-producing animals

[52].
It is well known that acute exercise leads
to greater fat metabolism in all species due
to the mobilisation of endogenous TG (for

review, see [52]). Trained muscles also rely

heavily on fat as an energy source during exercise than do untrained muscles. For
example, the development of solid food
chewing in weaned calves leads concomitantly to: i) a very high level of almost constant physical activity of the masseter musmore

cle in the cheek; and ii) an increase in
oxidative enzyme activity (ICDH, LPL) in
this muscle only [50, 87].
The stimulation of fat metabolism and
heat production in muscles help animals to
cope with adverse climatic conditions. Thus,
extensive production systems (pasture grazing, with animals subjected to higher physical activity and variable climatic conditions) may lead to changes in muscle
characteristics by increasing oxidative
metabolism.
The accumulation of fat within the
muscle tissues (mainly in intramuscular
adipocytes) determines many qualities of
the meat [36]. First, intramuscular fat content affects meat tenderness, although it
accounts for less than 10 % of the variation
between samples [26]. Second, the ’juiciness’ of the meat may be partly related to
fat content [116]. Third, the flavour of meat
is based largely on the quantity and chemical composition of muscle fat. Fat content is
much higher in oxidative than in glycolytic

breed, nutrition and animal management
(for review, see [52]). The adipocytes

responsible for the marbled appearance of
meat use glucose or lactate as a substrate
for lipogenesis much more than they use
acetate [104]. This suggests that lipogenesis
in intramuscular adipocytes could be manipulated with no increase in the fattiness of
the carcass. This required more detailed
knowledge of FA metabolism in intramuscular adipocytes. The ratio of PUFA to saturated FA in beef is approximately 0.11,
much lower than the recommended value
(0.45) [120]. Another challenge in ruminants is, therefore, to increase the ratio of
polyunsaturated to saturated FA within the
meat whilst retaining the desirable
n-6:n-3 PUFA ratio found in the meat of
grazing ruminants [120]. A suitable source
of dietary vitamin E is also required to prevent oxidation of meat from ruminants. The
oxidation of myoglobin to brown metmyoglobin is associated with the development
of rancid odours and flavours caused by the
degradation of PUFA in tissue membranes

[120].
5. EMERGING CONCEPTS
IN THE REGULATION
OF LIPID METABOLISM
5.1. Comparison
of FA metabolism in rats and cattle
It is well known that the rate of de novo
FA synthesis in the bovine liver is only
about 2 % of that in rats [4]. More recent in
vitro studies with liver slices have also

shown that the rates of oleate incorporation,
esterification and oxidation are 1.5-3.0
higher in rats than in calves. In both species,
the oleate oxidation rate is on average 20 %
of the oleate incorporation rate. However,
the rate of secretion of oleate in the TG of
VLDL is about eight times lower in calves

than in rats [38, 93]. This is consistent with
the low level of secretion of TG as VLDL in
bovine liver. Similarly, hepatic TG production rates in sheep, pigs and dogs are much
lower than those in rats or humans (for

review,

see

[43]).

Other in vitro studies in our laboratory
with fresh hepatic and cardiac homogenates
have shown that the oxidation rates of palmitate in cattle is half that in rats, probably
due to fewer mitochondria in bovine tissues.
The relative contributions of peroxisomes to palmitate oxidation in the liver
and the heart are, however, similar in rats
and cattle under the same experimental conditions. In contrast, the relative contribution of peroxisomes to total palmitate oxidation is higher in bovine than in rat muscles
(33 % versus 14 %, respectively [89]). CPT
I activity is the rate-limiting step in FA oxidation. CPT proteins have been purified
from calf liver [59] and bovine heart [34]
in attempts to study the regulation of this
step. But the CPT much studied in the older
literature is the CPT II protein which is not
rate-limiting. However, recent studies have
shown that CPT I activity is higher in
intermyofibrillar than in subsarcolemmal
bovine muscle mitochondria, as in other

species [88].
Thus, the major difference in FA metabolism between rats and ruminants is the very
low ability of the ruminant liver to synthesise and secrete TG since other metabolic
pathways in the liver or in muscles are similar between these species. This may explain
the high occurrence of fatty liver in cattle.

5.2. Fate of MCFA in the liver
of preruminant calves

Replacing one third of the tallow of the
milk replacer by coocunut oil (rich in C 12:0
and C 14:0) increases protein retention in
the preruminant calf (for review see [8]).
More recent studies have shown that the TG
content of the liver is 12 times higher with a

with no tallow but rich in
oil than with a standard milk
replacer rich in tallow [11]. C12:0 and
C 14:0, however, do not accumulate within
the liver [11]although the fatty acid composition of circulating chylomicrons and
VLDL is similar to that of the diet [29]. This
may be explained by a modification of the
oxidation process: C12:0 is more efficiently
broken down, especially by the peroxisomes,
than are LCFA in both rats [63] and calves
[90]. They are broken down into short-chain
FA, which can then be converted to LCFA
and finally stored as TG [19]. In addition,
the oxidation rate of specific FA, such as
oleate, is lower with the coconut oil diet
than with a typical milk-replacer [37]. This
may result in oleate esterification and TG
accumulation. Thus, coconut oil as only
source of fat must not be recommended in
milk-replacers for calves since it leads to
an accumulation of fat in the liver.

milk-replacer
coconut

Regulation of FA metabolism
by leptin
5.3.

Leptin is a recently discovered hormone
secreted by mature adipocytes into the
blood. Factors stimulating the secretion of
leptin include food intake, body fat and
insulin (for review, see [97]). Recent results
in ewes show that leptin gene expression is
also affected by photoperiod (for review,
see [18]). Leptin inhibits food intake,
reduces body weight, increases energy
expenditure and seems to have a function
in many tissues. For example, leptin directs
LCFA towards oxidation rather than TG
storage in rat muscles [76]. The TG contents of muscles, liver and adipose tissue
are much lower in rats with high leptin levels than in control rats [102]. A restriction
fragment length polymorphism has been
identified in the PCR amplification products of the bovine leptin gene. The leptin
gene maps to bovine chromosome 4 [91].
A clear aim of leptin research in livestock
production would be to control food intake

to

increase the efficiency of production and

to

optimise body composition (for review,

see

[97]).

dependent signalling pathways. The recent
cloning of bovine PPARs [111]should provide further insight into the regulation of
lipid metabolism by LCFA in bovine tissues.

5.4. Regulation of gene expression
by LCFA via nuclear receptors
Recent research, particularly in rodents,
has shown that the expression of specific
genes involved in the regulation of lipid
metabolism are affected by nutrients, such as
LCFA [78]. According to the ’overload
hypothesis’, a higher flux of LCFA to the
liver stimulates a series of metabolic changes,
ultimately resulting in activation of the peroxisome proliferator-activated receptors
(PPARs). LCFA, which are poor substrates
for (3-oxidation, are much more potent PPAR
activators than VFA, MCFA (C6-C10) and
rapidly catabolised FA. PPARs form dimeric
complexes with the 9-cis retinoic acid receptor (RXR). Activated receptors (PPARs/
RXR) increase or inhibit the expression of
specific genes involved in the regulation of
lipid metabolism. Generally, the expression
of genes encoding enzymes involved in FA
oxidation or KB production is increased,
whereas the genes encoding enzymes
involved in FA synthesis is decreased (for
review, see [100]). The down-regulation of
gene expression appears to be restricted to
the liver and is exerted only by PUFA (for
review, see [78]). Such molecular mechanisms have not yet been specifically demonstrated in bovines, but the possible involvement of PPAR activators should be
considered because these molecules have a
key role in the regulation of lipid metabolism. For example, phytol metabolites (especially phytanic acid) derived from chlorophyll are abundant in the plasma and tissue
lipids of ruminants fed grass [67] and have
been shown to activate RXR activators [57].
The expression of the liver-type FABP is,
thus, transcriptionally enhanced by phytanic
acid as shown in rodents [119]. Phytol
metabolites are micro-nutrients that co-ordinate cellular mechanisms through RXR-

6. CONCLUSION

It is clear that lipid metabolism in bovines
is greatly influenced by characteristics of
the digestive process. The regulation of the
enzyme activities involved in the control of
FA metabolism in the liver of growing and
adult ruminants is less dependent on hormones and more dependent on VFA and
their metabolites than that in the rat. However, dietary changes in the preruminant calf
(curdled versus uncurdled proteins) or in
ruminant cattle (forage versus concentratebased diets) may also significantly affect
lipid metabolism by causing differences in
the digestive processes. These effects may
be linked to changes in hormone status or
in nutrient supply.

Lipid metabolism may be regulated by
nutrients via allosteric effects or enzyme
regulation (inhibition of hepatic ketogenesis
by propionate, of carbohydrate catabolism
by fat catabolism, of fat catabolism by malonyl-CoA derived from lipogenesis and of
oxidative phosphorylation by acyl-CoA
esters). Nutrients may also have an effect
by entering a specific metabolic pathway
rather than any other. For example, lauric
acid is much more efficiently broken down
by hepatic peroxisomes than are LCFA.
Nutrients may also act directly on gene
expression, as demonstrated for glucose and
LCFA in rodents. This area has not been
investigated in cattle. Nevertheless, the
effects of specific molecules derived from
grass (e.g. phytol converted into phytanic
acid by rumen bacteria) require further studies. The study of nuclear receptors in cattle
is thus a key future objective of livestock
science.
Some hepatic and muscular metabolic
characteristics differ between single-stom-

ached animals and ruminants. Thus, the high
carnitine content of ovine and bovine muscles may help to buffer the high levels of
acetate delivered to muscles in ruminants. In
contrast, the low TG secretion capacity of
the ruminant liver renders cattle susceptible to fatty liver in specific physiological
stages (early lactation). It is also clear that
glucose is the major carbon source for lipogenesis in intramuscular adipocytes rather
than acetate as in other bovine fat deposits.
The reason for this tissue specificity is
unclear. The investigation of the molecular
mechanisms regulating lipogenesis in intramuscular fat is probably one of the greatest
challenges of the near future. It is becom-

necessary to manipulate
the fat content and fatty acid composition
of muscle tissue to improve the quality and
flavour of meat. The dietary qualities of
muscle FA should also be improved.

ing increasingly

Thus, newly acquired information (e.g.
about nuclear receptors and leptin) should be
combined with our knowledge about wellknown regulatory processes to provide new
insight into lipid metabolism.
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