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Abstract Unadapted rats and other animal species have a lim- 
ited capacity to metabolize monounsaturated fatty acids with 
22 carbons (22:l). Excess amounts in the diet of fats containing 
these fatty acids cause a transient accumulation (lipidosis) of 
triacylglycerol in the heart and other tissues but not in the liver, 
which seems to export the 22:l fatty acids as very low density 
lipoproteins to the blood plasma. The acute lipidosis most prob- 
ably is explained by a slow oxidation of 22:l acyl-CoA by the 
mitochondrial acyl-CoA dehydrogenase combined with an in- 
hibitory effect of this CoA ester on the oxidation of acyl-CoA 
esters of a more “normal” chain length. Other fatty acid me- 
tabolizing enzymes also show slow reaction rates with the 22:l 
fatty acids. Upon continued feeding of diets with 22:l fatty 
acids, an adaptation takes place and the lipidosis disappears. 
This adaptation coincides with the development of an increased 
capacity to chain-shorten the 22:l fatty acids, especially in the 
liver, but also in the heart. The chain-shortening seems to be 
due to a partial @-oxidation of the 22:l fatty acids by the per- 
oxisomal @-oxidation enzyme system which shows an increased 
activity in adapted rats. In such rats, less 22:l fatty acids cir- 
culate in the plasma very low density lipoproteins than in un- 
adapted rats. The drug clofibrate (ethyl-p-chlorophenoxyiso- 
butyrate) which induces increased activity of the peroxisomal 
&oxidation enzymes, provides partial protection against the 
lipidosis in unadapted animals. Hydrogenated fish oil (con- 
taining different 22:l isomers and many fatty acids with trans 
double bonds) is more efficient as an inducer of the chain-short- 
ening of erucic acid in the liver than is rapeseed oil, which 
contains only one 22:l fatty acid isomer and no fatty acids with 
trans double bonds. The hydrogenated fish oil causes less lip- 
idosis than does rapeseed oil when diets containing the same 
amount of 22:l fatty acids are fed. It is suggested that CoA 
esters that are poorly oxidized by the mitochondria (e.g., esters 
of erucic acid, of some fatty acids with trans double bonds, and 
of clofibric acid) may trigger the adaptation process.-Bremer, 
J., and K. R. Norum. Metabolism of very long-chain mono- 
unsaturated fatty acids (22:l) and the adaptation to their pres- 
ence in the diet. J.  Lipid Res. 1982: 23 243-256. 
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In 1970 Abdellatif and Vles (1) reported that rats fed 
a diet rich in rapeseed oil developed a substantial cardiac 
lipidosis. This accumulation of triacylglycerols (TG) was 
temporary. However, a rapeseed oil diet also causes focal 
necrosis and fibrosis in the heart (2). These findings 
and subsequent studies have been treated in several re- 
views (3-6). 

The large, but transient accumulation of fat in the 
heart of rats ingesting the 22:l diet and the adaptation 
to it raised several interesting biochemical and physio- 
logical questions which have been studied by several 
groups over the last 10 years. These studies have shown 
that the metabolism of 22:l fatty acids is different in 
several ways from the metabolism of “normal length” 
fatty acids, and the studies also have revealed previously 
unknown adaptation mechanisms in the metabolism of 
fatty acids. These studies are the subject matter of the 
present review. 

DIETARY SOURCES OF T H E  22:l FATTY 
ACIDS 

The main sources of 22:l fatty acids in the human 
diet are vegetable oils from rapeseed and mustard seed. 
The 22:l isomer in these seeds is erucic acid (cis A13- 
docosenoic acid). Fish oils (from herring, capelin, and 
several other species) also contain 22:l fatty acids. The 
most abundant of these acids is cetoleic acid (cis A l l -  
docosenoic acid). When the fish oils are partially hydro- 
genated, which is necessary for their use as edible fat, 

Abbreviations: TG, triacylglycerols; 22:1, monounsaturated fatty 
acids with 22 carbon atoms; VLDL, very low density lipoproteins. ’ To whom reprint requests should be addressed at: Institute for 
Nutrition Research, University of Oslo, P.O. Box 1046, Blindern, Oslo 
3, Norway. 
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several 22:l isomers are formed and a large fraction of 
these isomers have a trans double bond (7). 

The annual world production of edible fats and oils 
is about 53 X lo9 kg. Approximately, 7.0% of this is 
rapeseed oil and 2.3% is oil of marine origin. It is difficult 
to assess the amount of 22:l ingested by humans at pres- 
ent, since the possibility of health hazards from the 22:l 
fatty acids has led to the development of new cultivars 
of rapeseed with low or no content of erucic acid. Fur- 
thermore, variations in sources of fish and in hydrogen- 
ation techniques can alter the content of 22:l isomers of 
marine origin (8). 

In Norway, relatively large amounts of hydrogenated 
marine oil are used as edible fat, and the average annual 
consumption of 22:l has been calculated to be about 0.9 
kg per person, i.e., approx. 0.8% of the nutrient energy. 

DIGESTION AND ABSORPTION 

The fat in diets containing large amounts of 22:l fatty 
acids in the form of rapeseed oil or partially hydrogenated 
herring oil are more slowly digested and absorbed than 
other fats (9, 10). All studies on apparent digestibility 
of 22:l fatty acids have been carried out with rapeseed 
oil with a high content of erucic acid. The reported ca- 
pacity to digest and absorb 22:l varies between approx- 
imately 60 and 99% depending on animal species and 
the amount of rapeseed oil in the diet. The lower values 
have been found in the Sprague-Dawley rat, rabbit, 
sheep, and guinea pig (11-14), while the higher values 
have been reported for the Wistar rat, chicken, dog, pig, 
and man (11, 14-18). 

Studies on the composition of intestinal lymph of rats 
fed rapeseed oil showed that the percentage of erucic acid 
in lymph T G  was about 70% of that of the dietary oil 
(19). This may be due to a lower digestibility of the 
erucic acid as compared to the other fatty acids in this 
oil. It is also a possibility that a metabolic conversion of 
the 22:l fatty acids to shorter monoenes takes place in 
the intestinal wall. Microperoxisomes, which may shorten 
very long chain fatty acids (see below), have been re- 
ported to be present in the intestine of rat and guinea 
pig (20). Studies on human chyle have, however, revealed 
the same ratio of erucic acid in dietary and chyle fat (21). 

T H E  MYOCARDIAL LIPIDOSIS CAUSED BY 
22:l FEEDING 

The accumulation of heart lipids has been demon- 
strated in most species tested, including monkeys, but 
there are species differences. Thus, pigs seem to be more 
resistant to heart lipidosis than rats (22, 23). The lipi- 
dosis is related to the amount of 22:l in the diet and is 
produced by the 22: 1 of both vegetable and marine origin, 

although the accumulation of lipids in rats is most likely 
less for the marine isomers than for erucic acid (4, 24). 

The accumulated heart lipids are almost exclusively 
TG. No increase in phospholipids or cholesteryl esters 
has been found (6,25,26). One can observe intracellular 
accumulation of T G  as early as 3 hr after the ingestion 
of 22:l-containing oils (27). 

The fatty acid composition of the accumulated lipids 
in the heart partially reflects the composition of the diet. 
It should be noted, however, that heart lipids contain less 
22:l and more 18:1, 18:0, and 16:O than the diet (Table 
1) after a feeding period of 3 days, 1 week, and 3 weeks 
(24, 28). The T G  accumulation is most pronounced in 
the muscle cells of the heart. The lipidosis is also present 
in other organs, but not in the liver (4). 

Cardiac muscle cells preferentially oxidize fatty acids. 
It is therefore tempting to attribute the acute T G  ac- 
cumulation to an inhibition of fatty acid oxidation, al- 
though other explanations have been suggested. 

The accumulation of T G  in the myocardium is ob- 
viously an imbalance between the net input and the ox- 
idation of fatty acids (see Fig. 1). Free fatty acids (A in 
Fig. 1) in the blood are transported to the tissues as 
albumin complexes. It is known that the affinity of al- 
bumin for fatty acids decreases when the fatty-acid/al- 
bumin ratio is increased. This change in affinity plays 
an important role in the delivery of fatty acids to indi- 
vidual tissues. Very long chain fatty acids are bound 
more loosely to albumin than ordinary fatty acids. Thus, 
albumin has an affinity for erucic acid about 1/3 of that 
for palmitic acid (29). This might cause an increased 
erucic acid uptake in the tissues when a diet containing 
large amounts of 22:l fatty acids is fed. This, however, 
should result in cardiac T G  with more 22:l than is ab- 
sorbed from the diet, which is probably not the case 
(Table 1). 

An increased activity of lipoprotein lipase (B in Fig. 
1) may also increase input of fatty acids to heart muscle. 
Hulsman et al. (30) suggested that the significant in- 
crease of lipoprotein lipase activity observed in rat heart 
after 4 days on a rapeseed oil diet may contribute to the 
lipid accumulation. This would also contribute to the 
increased concentration of free fatty acids in hearts of 
rats fed rapeseed oils rich in 22:l (31). 

However, the activity of heart lipoprotein lipase in- 
creases upon olive oil feeding (32) which does not lead 
to T G  accumulation in the heart. Lipoprotein lipase, 
therefore, can be of significance only in combination with 
a large amount of 22:l fatty acids in chylomicrons or 
VLDL. 

An inhibition of hormone-sensitive lipase (G in Fig. 
1) could explain the lipidosis, but the activity of this 
enzyme is probably increased on rapeseed oil feeding as 
compared to an ordinary lab chow diet (30). 

Kramer et al. (34) and Mersel, Heller, and Pinson 
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TABLE 1 .  Fatty acyl pattern of dietary and very low density lipoproteins triacylglycerols and heart lipids from rats fed rapeseed oil or 
oartiallv hvdronenated marine oil. 

Rapeseed Oil Diet Partially Hydrogenated Marine Oil Diet 

Plasmab Plasma 
Control VLDL-TG H a d  VLDL-TC Hartb 

D i d  
Fatty Acid Heart Dietb 3 Days 21 Days 3 Days 21 Days Diet' Heart' Dietb 3 Days 21 Days 3 Days 21 Days 

14:O 2.5 0.7 6.5 3.6 1.8 1.2 2.2 
16:O 28.2 2.8 15.2 21.3 7.2 10.3 2.8 6.0 16.1 24.1 26.4 20.5 23.0 
16:l 3.0 2.8 1.6 0.6 1.6 6.9 10.6 10.7 3.5 5.7 
18:O 4.0 1.0 2.0 3.6 3.2 3.3 1 .1  5.5 7.7 4.8 4.4 11.6 7.8 
18:l 31.5 16.3 35.4 33.2 31.4 31.9 4.7 12.1 12.8 42.2 42.9 33.7 41.5 
18:2 24.1 17.9 16.9 16.7 10.7 13.0 17.2 12.3 2.1 2.3 3.0 8.0 2.8 
18:3 + 2 0 0  1.4 9.2 4.3 2.9 3.0 3.1 4.9 1.6 1.4 1.9 2.0 
20: 1 1 .1  0.5 5.5 5.7 12.6 11.0 2.5 2.4 11 .5  6.0 4.7 9.8 9.6 
20:4 + 22:O 1.9 2.6 5.5 5.0 0.7 
22: 1 42.7 17.2 11.2 30.6 24.8 72.6 54.1 11.5 2.4 3.0 7.3 4.4 

~ ~ ~ 

a Ordinary rat pellets with about 6% of the calories from fat. 
Data from Thomassen et al. (28). The acyl patterns are from heart TG. 
Data taken from or calculated from Beare-Rogers et al. (24). The acyl pattern is from total heart lipids. 

Reproduced with the permission of Elsevier/North Holland Biomedical Press. 

(35) found little or no cleavage of trierucoylglycerol (G 
in Fig. 1) by the heart and suggested that this could be 
the possible basis for erucic acid lipidosis. This mecha- 
nism, however, does not seem feasible, as the acyl pattern 
of heart acylglycerol, even at the time of maximum lip- 
idosis, is characterized by relatively less 22:l fatty acid 
than in the dietary fat. Furthermore, very little 22:l ex- 
ists in the form of trierucoylglycerol. Altogether, the most 
plausible explanation of the acute T G  accumulation is 
a slow oxidative breakdown of the long chain fatty acids 
in the mitochondria. 

FORMATION OF ACTIVATED FATTY ACIDS 
IN  TISSUES 

Ac yl-Co A 

The rate of acyl-CoA formation (C in Fig. 1) is prob- 
ably regulated mainly by the influx of free fatty acids 
and by the resulting cellular concentration of long-chain 
acyl-CoA, which exerts a feed-back inhibition on the 
activation of free fatty acids (36). 

Several acyl-CoA synthases for the activation of fatty 
acids of different chain lengths are known. Short chain 
fatty acids with 2-10 carbon atoms are activated in the 
mitochondrial matrix (37). Their oxidation, therefore, 
is carnitine-independent. Long chain fatty acids are ac- 
tivated by extramitochondrial enzymes in the endoplas- 
matic reticulum and in the outer membrane of the mi- 
tochondria (38). Recent studies indicate that only one 
synthase activates fatty acids with more than 10 carbon 
atoms in rat liver microsomes (39). The activity of this 
synthase decreases with chain length (Fig. 2). Providing 
that the liver and the heart fatty acyl-CoA synthase have 
the same acyl specificity, the low reaction rate with 22:l 

may explain why hearts perfused with erucic acid have 
a much higher content of free fatty acids than hearts 
perfused with the same concentration of palmitate (40, 
41). However, the increased amounts of T G  in the myo- 
cardium suggest that the formation of erucoyl-CoA is not 
rate-limiting in the metabolism of erucic acid in the heart. 

Acylcarnitines 
The acyl-CoA formed in cells is distributed between 

T G  formation and acylcarnitine formation, dependent 
on the relative activities of the glycerophosphate acyl- 
transferase (D in Fig. 1) (42), and the outer carnitine 
palmitoyltransferase (E in Fig. 1) (43, 44). 

The activity of the glycerophosphate acyltransferase 
in liver decreases on fasting (45, 46), and it is influenced 
by the concentration of glycerophosphate in the cell (47). 

CELLULAR METABOLISM OF LONG-CHAIN FATTY ACIDS 

I I  / 11 CHVLOS 

I 
I 

Acetyl-coA Acyl-CoA 

I I  Peroxisome Mitochondrion 
Endothelial 

cell 

Fig. 1. The main metabolic pathways for long-chain fatty acids. The 
capital letters of the different reactions are referred to in the text. 
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METABOLIC SHORTENING OF FATTY ACIDS 

4 8 12 16 20 

Carbon - chain length 
Fig. 2. Rates of activation of saturated and monounsaturated fatty 
acids of different chain lengths by isolated rat liver microsomes. 0, 
Saturated fatty acids; 0, monounsaturated fatty acids. Reproduced from 
reference 39 with the permission of Elsevier/North Holland Biomed- 
ical Press. 

The glycerophosphate acyltransferase is much less 
active with erucoyl-CoA as substrate than with oleoyl- 
CoA (48). 

The outer carnitine palmitoyltransferase of liver mi- 
tochondria increases on fasting (45,49) and it is inhibited 
by malonyl-CoA (50, 51). The sensitivity of the carnitine 
palmityl transferase to malonyl-CoA seems to decrease 
on fasting (52, 53). The activity of carnitine palmitoyl- 
transferase decreases rapidly when the fatty acid chain 
length increases from 18 to 22 carbon atoms (54). 

The distribution of fatty acids, e.g., palmitate, between 
esterification and oxidation in the liver is influenced by 
hormones. In isolated hepatocytes, glucagon inhibits es- 
terification and stimulates oxidation and, concomitantly, 
the cellular content of both long-chain acyl-CoA and 
long-chain acylcarnitine increases (55). This shift from 
esterification to oxidation seems to be the result of a 
decrease in both glycerophosphate concentration, thus 
inhibiting esterification (47), and in malonyl-CoA con- 
centration (56), relieving the inhibition of carnitine pal- 
mitoyltransferase (51). 

In the heart at least some of these regulatory mech- 
anisms are missing. The activity of carnitine palmitoyl- 
transferase does not depend on fasting and feeding (45), 
and there is probably very little malonyl-CoA since the 
heart has very little fatty acid synthesis. 

The metabolism of erucic acid in isolated hepatocytes 
is almost unaffected by glucagon (57), but its oxidation 
is still carnitine-dependent since it is inhibited by 
(+)decanoylcarnitine (58). The unresponsiveness of er- 
ucic acid oxidation to glucagon is most likely connected 
with the need to chain-shorten erucoyl-CoA as an initial 
step in its metabolism (see below). 

Long chain fatty acids with 18 or more carbons are 
known to be shortened in the intact animal, while fatty 
acids with 16 or less C-atoms seem to be completely 
oxidized once the oxidation has started. Chain-short- 
ening has been shown for stearate (59), for polyunsat- 
urated fatty acids with 20 and 22 carbon atoms (60), and 
for erucic acid (22:l) which has been recovered as oleic 
acid (18:l) in cultured heart cells (61) and as eicosenoic 
(20:l) and oleic acid in rat tissues (62). The liver seemed 
to be the most active organ in the conversion of erucic 
acid to oleic acid in the intact animal (63). When labeled 
erucic acid is given in small amounts to rats in vivo it 
is as rapidly oxidized to GO2 as oleate (64). On the other 
hand, greater amounts of erucic acid (rapeseed oil) given 
in the diet evidently overload limited capacities for erucic 
acid shortening and oxidation, since a temporary lipidosis 
of the heart develops. 

OXIDATION OF 22:l FATTY ACIDS 

Oxidation of 22:l acylcarnitine in mitochondria 

Acylcarnitines with fatty acid chain lengths ranging 
from 8 to 20 carbon atoms, both saturated and unsatu- 
rated, are good substrates for mitochondrial &oxidation 
(Fig. 3). The inner carnitine acyltransferase (F in Fig. 
1) is not rate-limiting in the oxidation of added acyl- 
carnitines in isolated rat liver and heart mitochondria. 
This conclusion is based upon the observed accumula- 
tion of long-chain acyl-CoA, including erucoyl-CoA, in 
the mitochondria incubated with long-chain acylcarni- 
tines (54). 

There may be some differences in the ability of heart 
mitochondria from different mammalian species to oxi- 
dize carnitine esters of fatty acids of varying chain length. 
Thus, Buddecke et al. (65) found that pig heart mito- 
chondria oxidized erucic acid with higher rates than rat 
heart mitochondria. These differences may be due to 
differences in the acyl-CoA dehydrogenases (H  in Fig. 
1) of the mitochondria. Furthermore, Osmundsen and 
Bremer (66) have shown that 22:l fatty acids may inhibit 
the tricarboxylic acid cycle in heart mitochondria from 
the rat but not from the pig. However, it is a general 
feature that the oxidation rate drops abruptly when the 
chain length increases from 18 to 20 carbon atoms. The 
oxidation rate of 22:l acylcarnitines is 30-35% of that 
of palmitoyl- or oleoylcarnitine (Fig. 3) (48, 54, 66). 
Heart and liver mitochondria from the rat show about 
the same relative rates (54). Even liver mitochondria 
from the seal Phoca vitullina show this slow oxidation 
of erucoylcarnitine (67). This seal lives in arctic waters 
and presumably eats a diet high in 22:l fatty acid, be- 
cause both heart and blubber lipids contain significant 
amounts of 20:l and 22:l fatty acids (68). Thus it is 
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4 8 12 16 2 2  
Carbon-chain length 

Fig. 3. 8-Oxidation “spectra” of ox and pig heart mitochondria. The 
rates of oxidation of various saturated acylcarnitines with carbon-chain 
lengths from 4 to 22 carbon atoms were measured spectrophotomet- 
rically. The plotted data represent the mean relative rates of oxidation 
(the rate given by palmitoylcarnitine being taken as 100%) (+S.D.) 
based on measurements on mitochondria from two ox hearts (A) and 
two pig hearts (0). The data points shown at C,, represent results 
obtained with cetoleoylcarnitine (cis-22: 1 A1 1). Reproduced from ref- 
erence 66 with the permission of the Biochemical Society. 

likely that it is a general feature of mitochondria that 
they oxidize 22:l acylcarnitines with a reduced rate com- 
pared to shorter chain acylcarnitines. 

The rate limiting step in the oxidation of the 22:l 
acylcarnitines seems to be the primary acyl-CoA dehy- 
drogenase step (H in Fig. 1). This conclusion is based 
on the observation that mitochondria incubated with 22: 1 
acylcarnitines accumulate long-chain acyl-CoA, although 
at a reduced rate, compared to mitochondria incubated 
with palmitoylcarnitine (69). In accordance with this 
observation, Heijkenskold and Ernster (70) have found 
that a partially purified acyl-CoA dehydrogenase oxi- 
dizes erucoyl-CoA with a reduced rate compared with 
palmitoyl-CoA, but both substrates seemed to have the 
same K,,, (approximately 5 pM under the assay condi- 
tions used). 

Effect of 22:l acylcarnitines on the oxidation of 
palmitoylcarnitine in the mitochondria 

The 22:l acylcarnitines suppress to some extent the 
oxidation of shorter chain acylcarnitines in the mito- 

chondria (54). Table 2 shows that both respiration and 
palmitoylcarnitine oxidation in the mitochondria are in- 
hibited in the presence of both palmitoylcarnitine and 
erucoylcarnitine when compared with the rates obtained 
with palmitoylcarnitine alone. 

Other experiments showed that total acetyl-coA for- 
mation is also inhibited. Thus, the inhibited palmitate 
oxidation is only partially compensated for by the oxi- 
dation of the 22:l fatty acids. 

In liver mitochondria, cetoleoylcarnitine (22: 1 cis 
A1 l) ,  erucoylcarnitine (22:l cis Al3), and brassidoyl- 
carnitine (22:l trans Al3) are all oxidized at similar 
rates. However, brassidoylcarnitine with a trans double 
bond is less inhibitory on palmitoylcarnitine oxidation. 
Thus, the nature of the double bond(s) may influence 
the metabolic effects of the 22:l fatty acids. 

Oxidation of free 22:l fatty acids in mitochondria 
Like other free fatty acids, the 22:l fatty acids are 

oxidized by isolated liver mitochondria in the presence 
of ATP, CoA, and carnitine. Under these conditions the 
oxidation of erucate compared to palmitate is even slower 
than is the oxidation of erucoylcarnitine compared to 
palmitoylcarnitine (71, 72), and no inhibition of pal- 
mitate oxidation by erucate is observed. These differences 
from the observation with the corresponding acylcarni- 
tines are probably explained by the observation that both 
the acyl-CoA synthase (39) and the carnitine palmitoyl- 
transferase (69) show much lower activities with erucate 
and erucoyl-CoA, respectively, than with palmitate and 
palmitoyl-CoA. Erucoylcarnitine, therefore, will accu- 
mulate only slowly in such an in vitro system, and no 
inhibition of palmitate oxidation will occur in short term 
experiments. 

Oxidation of 22:l acyl-CoA in peroxisomes 
Besides the “classical” @-oxidation system of mito- 

chondria, it has been established recently that liver per- 
oxisomes contain a different, cyanide-insensitive @-oxi- 
dation system (73, 74). The  @-oxidation enzymes of 
peroxisomes (J in Fig. 1) are distinctly different from 
those of mitochondria. The peroxisomal “acyl-CoA de- 
hydrogenase” is an acyl-CoA oxidase, a flavoprotein 
using oxygen as the electron acceptor with hydrogen 
peroxide as the reaction product (75). The enoyl-CoA 
hydratase, the 6-hydroxyacyl-CoA dehydrogenase, and 
the thiolase of peroxisomes are also different from the 
corresponding mitochondrial enzymes, although their 
reaction mechanisms seem to be the same as those of the 
mitochondrial enzymes (76, 78). 

The peroxisomes contain carnitine acetyltransferase 
and carnitine medium-chain acyltransferase, but carni- 
tine palmitoyltransferase is absent (79). In accordance 
with this finding, the peroxisomal oxidation of fatty acid 
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TABLE 2. Effects of different acylcarnitines on the oxidation of [U-'4C]palmitoylcarnitine 
in the heart mitochondria 

Disappearance of [U- 
Rate of Oxygen Uptake "C]Palmitoylcarnitine 

ng-atoms 0 x min-' % of Inhibition nmol x min-' % of Inhibition 
Additions x mg protein-' (mean f S.D.) x mg protein-' (mean f S.D.) 

None 238 6.5 
Erucoylcarnitine 129 45.5 f 7.3 2.3 65.0 f 5.5 
Cetoleoylcarnitine 134 43.4 f 6.2 2.5 62.2 f 4.4 

Gadoleoylcarnitine 224 7.7 f 2.9 1.4 78.5 k 3.1 
Oleoylcarnitine 238 0 1.3 80.2 f 0.7 

Brassidoylcarnitine 187 20.1 f 2.2 4.1 37.3 * 2.2 

Reproduced from reference 54 with the permission of Elsevier/North Holland Biomedical Press. 
The incubation medium contained 10 mM N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid 

buffer (pH 7.4), 1 mM phosphate buffer (pH 7.4), 0.1 mM 2,4-dinitrophenol, 2 mM malate, 0.5% (w/v) 
bovine serum albumin, 5 mM MgC12, 0.12 M KCI. The incubation volume was 3.2 ml and the temperature 
was 25OC. Nonlabeled acylcarnitines (100 nmol) were added after the temperature equilibration for 2.5 min. 
[U-14C]Palmitoylcarnitine (40 nmol, approx. 3,000,000 cpm) was added 30 sec after. The reaction was stopped 
by addition of perchloric acid after approximately equal amounts of oxygen have been consumed from the 
moment of [U-"C]palmitoylcarnitine addition. 1 .O-1.5 mg of mitochondrial protein was used. The relative 
rates of the oxidation expressed as % (mean f S.D.) of oxygen uptake with palmitoylcarnitine were: 36.6 
f 1.9, 39.3 f 2.5, 37.0 f 4.2, and 80.3 f 3.8, respectively, for erucoyl-, cetoleoyl- brassidoyl-, and gado- 
leoy lcarnitine. 

esters of CoA is independent of carnitine. The peroxi- 
somal B-oxidation system in rat liver is induced by intake 
of 22:l fatty acid-containing diets (80, 81), by fasting 
(82), by fat feeding (80,83), and by clofibrate and similar 
drugs, and by di(ethylhexylphtha1ate) (73, 76). 

Fig. 4 shows the chain-length specificity of solubilized 
peroxisomes, from livers of rats treated with clofibrate, 
in the oxidation of CoA esters measured as the rate of 
NADH formation (84). The rate of NADH formation 
seems to be a reliable measure for the chain-length spec- 
ificity of the primary acyl-CoA oxidase inasmuch as the 
subsequent @-oxidation enzymes (the hydratase, the 8- 
hydroxyacyl-CoA dehydrogenase, and the thiolase) are 
present in excess (74). 

The chain-length specificity of the peroxisomal system 
in the oxidation of acyl-CoA is to some extent different 
from that of the mitochondria measured with acylcar- 
nitines. The main difference is that the peroxisomes are 
unable to oxidize short chain fatty acids (4-6 carbon 
atoms). With very long-chain fatty acids there is, as in 
mitochondria, a rapid drop in activity as the chain length 
increases beyond 18 carbon atoms, especially with sat- 
urated fatty acids. 

The 20:l and 22:l fatty acyl-CoA esters are much 
more active as substrates for isolated peroxisomes than 
are the corresponding saturated ones. The significance 
of this in vitro difference is uncertain since the long, 
saturated acyl-CoA esters are less soluble than the cor- 
responding unsaturated ones. 

In accordance with the absence of a short chain acyl- 
CoA oxidase in the peroxisomes, complete &oxidation 
of the fatty acids does not occur. Both in solubilized and 

in intact peroxisomes only one or a few &oxidation cycles 
take place. From erucoyl-CoA, mainly 20:l and 18:l 
fatty acids are formed and from palmitoyl-CoA, mainly 
14:O and 12:O fatty acids are formed (84). Thus, the 
intact peroxisomal @-oxidation is distinctly different from 
the mitochondrial system which forms only minute 
amounts of intermediate length fatty acids when long 
chain fatty acids are oxidized (85, 86). 

The intact peroxisomal membrane seems to contain 
an acyl-CoA permease (I in Fig. 1) that is inhibited by 
free CoA (87, 88). The inhibitory effects of free CoA on 
this permease appear to be relatively stronger with pal- 
mitoyl-CoA than with erucoyl-CoA as substrate. Thus, 
it is possible that peroxisomes oxidize 22:l acyl-CoA 
more selectively than is apparent from the chain length 
specificity curve (Fig. 4) (87). 

Most of the studies performed on peroxisomal 8-ox- 
idation have so far been done with organelles isolated 
from liver. We know, however, that several other organs 
contain (micro) peroxisomes, and that homogenate frac- 
tions from these tissues (brown adipose tissue (89), heart 
and intestinal mucosa') have a capacity for cyanide-in- 
sensitive /3-oxidation. This makes it probable that these 
tissues have a peroxisomal j3-oxidation similar to that 
in the liver. 

ESTERIFICATION OF 22: 1 FATTY ACIDS 

Liver glycerophosphate acyltransferase shows a low 
activity with erucoyl-CoA in vitro (48), and it has been 

Norseth, J., and M. S. Thomassen. Personal communication. 
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Fig. 4. Rates of oxidation of saturated and monounsaturated acyl- 
CoA esters of different chain lengths by isolated liver peroxisomes from 
rats treated with clofibrate (0.3%) in the diet for 10 days. Rates of 
acyl-CoA-dependent NAD reduction have been plotted against carbon 
chain length of the various acyl-CoA esters. The plotted values rep- 
resent the mean and SD obtained with at least three different per- 
oxisomal preparations. Results obtained with saturated acyl-CoA esters 
are indicated by (0) and those obtained with monounsaturated spe- 
cies by (A). The monounsaturated acyl-CoA esters used were: pal- 
mitoleoyl-CoA (16:1), oleoyl-CoA (18:1), gadeoyl-CoA (201), and 
erucoyl-CoA (22: 1). Results obtained with the trans-isomers elaidoyl- 
CoA (18:l) and brassidoyl-CoA (22:l) are indicated by (4). Repro- 
duced from reference 84 with the permission of Elsevier/North Hol- 
land Biomedical Press. 

shown that erucic acid is incorporated into the major 
phospholipids only to a small extent in rat heart (25, 
26, 90). 

However, Blomstrand and Svensson (91) found that 
heart cardiolipin contained 12% erucic acid after feeding 
a diet with 10% erucic acid for 10 days. Dewailly et al. 
(92) confirmed the cardiolipin data in principle and also 
found that the heart sphingomyelin contained a consid- 
erable amount of 22: 1 fatty acids upon long-term feeding 
with rapeseed oil. 

It is not known to what extent erucoyl-CoA and er- 
ucoylcarnitine accumulate in the tissues of these animals, 
but, in short-term feeding experiments with rapeseed oil, 
a higher than normal content of long-chain acyl-carni- 
tines is found in the liver (but not in the heart) (93). In 
isolated cells incubated with erucic acid, erucoylcarnitine 
accumulates (94). 

These different studies show that there is an almost 

general discrimination against erucic acid (and probably 
other 22:l fatty acids) by the fatty acid-metabolizing 
enzymes in animal tissues. However, the observation that 
T G  containing both erucic acid and more usual fatty 
acids accumulates in the heart and other tissues of ani- 
mals fed high doses of rapeseed oil, suggests that the slow 
oxidation of 22:l fatty acids and their inhibition of the 
oxidation of other fatty acids “force” more fatty acids 
into the formation of TG.  This is more prominent in the 
heart T G  of animals fed for a few days with 22:l fatty 
acids, which contains more 22:l acyl groups than liver 
and adipose tissue (4). 

When the metabolism of erucate and palmitate is com- 
pared in normal hepatocytes and perfused normal rat 
hearts, the low capacity for erucic acid metabolism is 
confirmed (Tables 3 and 4). In normal hepatocytes, up- 
take, oxidation, and esterification of erucic acid are only 
about one-third of those obtained with palmitate. In the 
perfused heart, the oxidation of erucate is about one- 
third that of palmitate. However, in this organ esteri- 
fication of erucate and palmitate are about equal, so that 
uptake of erucate in the heart is about two-thirds that 
of palmitate. 

In isolated adipocytes, erucate is esterified with a rate 
one-fourth that of ~a lmi t a t e .~  

ADAPTATION TO 22:l FATTY ACIDS IN  T H E  
DIET 

Adaptive changes in the heart 
The decrease of the T G  level in the heart after pro- 

longed feeding of rapeseed oil may be due to adaptive 
changes in the heart itself or be due to altered delivery 
of acyl groups to the heart. 

Most studies on isolated heart mitochondria from rats 
fed rapeseed oil for several weeks have not shown any 
greater ability than control mitochondria to oxidize 22: 1 
fatty acids (6, 34, 95, 96). Forsyth, Carter, and Loew 
(97) noted, however, a slightly increased capacity to ox- 
idize palmitoyl-CoA in heart mitochondria after feeding 
rats with herring oil for several weeks, and Norseth et 
al. (40, 98) have recently reported that chain-shortening 
of erucic acid was increased in perfused hearts from rats 
fed rapeseed oil or partially hydrogenated marine oil. 
They also found a moderate increase of cytochrome ox- 
idase activity, suggesting some increase in mitochondrial 
oxidative capacity. The increased chain-shortening could 
be explained by an increased peroxisomal activity in the 
heart. The changes are, however, not pronounced and 
alone can hardly explain the adaptive decrease of the 
T G  level in the heart. 

’ Christophersen, B. O., and J. Norseth. Personal communication. 
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TABLE 3. Distribution of radioactivity from [14-14C]erucic acid in fatty acids of liver perfusate VLDL-TG of rats fed different fat diets 
(30% of the calories) for 3 daw or 3 weeks" 

Rapeseed Oil Partially Hydrogenated Marine Oil Groundnut Oil 

Fatty acid 3 Days 3 Weeks 3 Days 3 Weeks 3 Days 3 Weeks 

16:l 
18:l 
20: I 
22:l 

1.3 f 1.8 8.0 f 3.0 12.5 f 1.4** 4.9 f 4.1 6.5 f 2.1 1.3 f 1.5 
40.6 f 13.9 62.3 f 5.9** 34.8 f 4.8 75.6 f 9.0**** 33.9 f 7.6 34.9 f 6.3 

5.2 + 4.0 3.8 f 3.0 7.4 f 2.7 3.7 f 2.0** 5.0 f 1.8 3.2 f 3.1 
46.2 f 16.7 21.5 f 3.8** 52.9 f 5.6 14.2 f 11.0**** 59.8 f 8.8 60.6 f 7.0 

Chain-shortened 
fatty acids' 53.8 f 16.8 78.5 f 3.8** 47.1 f 5.6 85.8 f 11.1*** 40.2 f 8.8 39.4 f 15.4 

' The results are presented as % of total radioactivity (cpm) + S.D. in VLDL-TG (four or five animals in each group). 

Significantly different from 3-day group: **, 0.025 > P > 0.01; ***, 0.01 > P > 0.005; ****, P < 0.005 (t-distribution). 
Data are from reference 101 with the permission of the American Oil Chemists' Society. 

Sum of % of total radioactivity in 16: 1, 18: 1, and 20: 1. 

An increased activity of the hormone-sensitive lipase 
(G in Fig. 1) associated with the lysosomal fraction has 
been found in the heart of rats fed rapeseed oil or tri- 
erucoylglycerol (99). This may be an effect of increased 
substrate for the lipase. Perfusion studies on hearts from 
these rats have shown that free erucic acid can be secreted 
from the heart. This secretion in the heart may be of 
importance in combination with the adaptation changes 
in the liver. 

Adaptive changes in the liver 
Gumpen and Norum (93) fed rats rapeseed oil and 

used corn oil as a control diet. They examined the relative 
amounts of long-chain acylcarnitine in liver and heart 

after feeding periods of 4 days and 4 weeks. The long- 
chain acylcarnitine level in the hearts of rats fed the two 
diets did not differ. The relative amounts of long-chain 
acylcarnitine in the liver, however, were significantly 
higher on a rapeseed than on a corn oil diet at 4 days, 
but not after 4 weeks, suggesting that a hepatic adap- 
tation had taken place. The most likely adaptive change 
in the liver that could decrease the lipid accumulation 
of the heart is a change in the lipids exported from the 
liver and taken up by the heart. Thomassen et al. (28) 
therefore examined the acyl pattern in the T G  of plasma 
VLDL in rats fed different fat diets (rapeseed oil, par- 
tially hydrogenated marine oil, or groundnut oil). The 
diets were fed for 3 days or for 3 weeks to reveal adaptive 

TABLE 4. The metabolism of [14-'4C]erucic acid and of [U-'4C]palmitic 
acid in hepatocytes isolated from rats fed diets containing hydrogenated 

fish oil or peanut oil (control), or a standard pellet diet (2.1% fat) 
with and without clofibrate" 

Exveriment Ib 

Experiment 11' 
(0.5 mM Fatty Acid) 

(1 m M  Fatty Acid) 

Control Hvdronenated 
(Peanut oil) 'FishuOil Control Clofibrate 

Erucic acid 
Oxidized 
Phospholipids 
Triacylglycerol 
Total uptake 

Palmitic acid 
Oxidized 
Phospholipids 
Triacylglycerol 
Total uotake 

32 f 2 93 + 6* 16 1- 2 83 f 8* 
8 f 0.4 18 f 2** 8 5 2 15 +2** 

10 f 1 9 f 2  14 f. 2 22 f 4*** 
55 + 3 123 f 8* 38 f 4 121 f 9' 

73 f 3 85 f 3*** 43 f 4 67 f 7* 
22 f 2 25 f 2 25 f 2 28 f 2* 
34 f 2 28 f 2 43 f 5 21 f 4* 

136 f 6 143 f 2 112 f 4 121 f 2*** 

a The results are given as nmol fatty acid metabolized X mg protein X 60 min-' 
f S.D. (four animals in each group). 
' In experiment I, the rats (60 g initial weight) were fed the fat diets (30% of 

the calories) for 3 weeks. 
' In experiment 11, the rats (160-180 g) were fed a standard pellet diet with 

and without clofibrate (0.3%) for 8 days. 
Different from control: *, P < 0.001; **, P < 0.01; ***, P < 0.02. Data from 

references 57 (Table 111) and 102 (Table I) with the permission of Elsevier/ 
North Holland Biomedical Press. 
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changes. The plasma VLDL-TG contained substantially 
less 22:l than the diet, both after 3 days and after 3 
weeks on either a rapeseed oil or a partially hydrogenated 
fish oil diet (Table 1). Roquelin et al. (100) also have 
studied plasma lipids in rats fed rapeseed oils. They 
found that the acyl pattern of plasma T G  contained rel- 
atively less 22:l and more 18:l than the dietary lipids. 
Thomassen et al. (28) found that, in rats fed rapeseed 
oil, there was a decrease in 22:l in the plasma VLDL- 
T G  with the longer feeding time. 

The acyl pattern of T G  secreted during perfusion of 
livers from these animals also changed between 3 days 
and 3 weeks. There was a pronounced decrease in se- 
cretion of 22:l acyl groups, and, concomitantly, an in- 
creased secretion of 18:l acyl groups, suggesting that an 
increased chain-shortening in adapted animals had taken 
place. The T G  remaining in the liver after the perfusion 
contained very small amounts of 22:l fatty acids, sug- 
gesting that most of the 22:l fatty acids reaching the liver 
are either secreted or chain-shortened (28). 

Christiansen et al. (101) showed that the diet had an 
influence on the chain-shortening of [ 14-'4C]erucic acid 
in perfused liver from rats fed diets containing partially 
hydrogenated fish oil or rapeseed oil for 3 days or for 
3 weeks. Control rats were given groundnut oil. Table 
3 is taken from their publication and shows that chain- 
shortened products of erucic acid, mainly oleic acid, were 
found in all dietary groups. In the rapeseed oil and espe- 
cially in the fish oil group, the chain-shortened fatty acids 
in T G  exported from the liver increased significantly 
upon prolonged feeding of fats containing 22:l fatty 
acids. 

Table 4 shows that feeding rats diets high in hydro- 
genated fish oil for 2-3 weeks increases the capacity of 
isolated hepatocytes to metabolize erucic acid. The  oxi- 
dation increased %fold and esterification about 1 .!%fold 
(102). The total uptake of erucic acid in the adapted 
hepatocytes is nearly the same as that of palmitate (with 
0.5-1 mM fatty acid in the medium). No corresponding 
increased uptake has been found in the heart of adapted 
animals (Table 5). Here the total uptake of erucate re- 
mains about 2/3 that of palmitate, but a paradoxical 
shift from oxidation to esterification was observed. 

It is striking that feeding of the drug clofibrate, which 
is known to increase peroxisomal fatty acid oxidation 
(73), produces a similar and even stronger effect on er- 
ucate metabolism in hepatocytes than does feeding hy- 
drogenated fish oil (57) (Table 4). In the heart, clofibrate 
increases the oxidation and uptake of erucate (41) 
(Table 5). 

Clofibrate also gives a partial protection against heart 
lipidosis after feeding rapeseed oil (103). Isolated he- 
patocytes both from adapted rats and from rats fed clo- 

fibrate show an increased capacity to shorten erucic acid 
(57, 102). It is likely, therefore, that the increased rates 
of oxidation and esterification of erucic acid are second- 
ary to the increased rate of chain-shortening. 

An increased shortening of erucic acid is found also 
in perfused hearts from rats fed clofibrate or diets high 
in 22:l fatty acids (Table 5). However, in the heart, the 
total capacity for shortening seems to be relatively much 
smaller than in the liver (40, 41). In the whole animal, 
the liver therefore seems to dominate (63). 

CELLULAR SITE OF CHAIN SHORTENING 

The shortening of erucic acid is evidently extramito- 
chondrial since it apparently is stimulated by (+)deca- 
noylcarnitine, an inhibitor of the mitochondrial carnitine 
palmityltransferase (Table 6). 

The development of the increased capacity for chain 
shortening and oxidation of erucic acid in the liver of 
rats fed diets high in 22:l fatty acids coincides in time 
with the development of an increased peroxisomal ca- 
pacity for fatty acid oxidation (81). 

Incubation of isolated peroxisomes with erucoyl-CoA 
leads to the formation of the same shortened products 
as can be isolated from hepatocytes (84). There is good 
reason therefore to conclude that the shortening of erucic 
acid can take place in the peroxisomes, both in the liver 
and in other tissues. 

Peroxisomes may also have a role in the shortening 
of the side chain of cholesterol in the formation of bile 
acids (1 04). 

Isolated peroxisomes shorten palmitate as well. Still, 
no shortened products of palmitate are found in isolated 
hepatocytes. However, fatty acids shorter than 16 carbon 
atoms are discriminated against in the biosynthesis of 
phospholipids and triacylglycerol (1 05). 

Palmitate oxidation is essentially unaffected by 
(+)decanoylcarnitine in hepatocytes from clofibrate-fed 
rats (94). Since clofibrate also induces an increased ac- 
tivity of a medium chain acyl-CoA hydrolase in the cy- 
toplasm of the liver (106), the shortened products of 
palmitate oxidized in the peroxisomes may therefore 
bypass the carnitine-dependent transport into the mito- 
chondria as do externally added short chain fatty acids. 

Partial @-oxidation of fatty acids, Le., chain-shorten- 
ing, has been reported to take place in an isolated mi- 
crosomal fraction (1 07) in particle-free supernatant of 
the liver (108) and in the outer membrane of mitochon- 
dria (109). However, in all these studies, contamination 
of the different subcellular fractions with the peroxisomal 
@-oxidizing system was not excluded. 
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TABLE 5. The metabolism of [14-14C]erucic acid and [U-14C]palmitic acid in perfused hearts from rats 
fed diets containing hydrogenated fish oil or peanut oil (control), or a standard pellet diet 

(2.3% fat) with or without clofibrate" 

Experiment I* 
Experiment II' 

Control Hydrogenated 
Fatty acid (Peanut oil) fish oil Control Clofibrate 

Erucic acid (0.5 mM) 
Oxidized 715 f 54 538 f 125 507 f 70 1030 f 167* 
Triacylglycerol 657 f 62 780 f 63** 516 f 41 612 f 55.' 
Free fatty acids 252 f 15 256 f 34 3 1 2 f  16 200 f 30' 
Total uptake 1763 f 147 1732 f 245 1495 f 159 2049 f 285' 
Chain-shortened 30 f 6.5 116 f 19; 22 f 6 4 0 f  11' 

Palmitic acid (0.5 mM) 
Oxidized 2156 f 345 1365 f 205** 1649 f 147 2101 f 91' 

581 f 81 
Free fatty acids 2 5 f  2 45 f 2* 39 f 10 33 f 14 
Total uptake 2953 + 445 2612 f 412 2379 f 249 2924 f 213 

a The results are given as nmol X g heart-' X 30 min-' f S.D. (five to seven animals in each group). 

Triacylgl ycerol 606 f 68 938 f 179** 497 f 47 

In experiment I, the rats (60 g initial weight) were fed the fat diets (30% of the calories) for 3 weeks. 
In experiment 11, the rats (150 g) were fed a standard pellet diet with and without clofibrate (0.3%) for 10-12 days. 

Different from control: ', P < 0.001; **, P < 0.01; ***, P < 0.02. 
Data from references 40 (Tables I and 11) and 41 (Tables I and 11) with the permission of Elsevier/North Holland 

Biomedical Press 

CHAIN-SHORTENING OF 
POLYUNSATURATED FATTY ACID 

Oxidation and chain-shortening of long-chain poly- 
unsaturated fatty acids represent a special problem be- 
cause of the observed saturation of double bonds. Stoffel 
et al. (60) have suggested that shortening and saturation 
of double bonds in polyunsaturated fatty acids take place 
by partial @-oxidation and reduction in the mitochondria. 
The auxiliary enzyme 4-enoyl-CoA reductase, which is 
probably involved in this process, is a mitochondrial en- 

TABLE 6. The effect of carnitine and (+)-decanoylcarnitine on 
the metabolism of erucate in hepatocytes isolated from rats 

fed a diet containing hydrogenated fish oil" 

zyme (1 10) and its activity increases both after feeding 
clofibrate (1 11) and after feeding high fat diets, especially 
those rich in partially hydrogenated fish oils (112). 
Therefore, we cannot at present exclude the possibility 
that the mitochondria can take part in the shortening of 
fatty acids, and it is still an open question as to what 
extent the peroxisomes are responsible for the shortening 
of polyunsaturated long-chain fatty acids. 

However, in the metabolism of 22:l fatty acids, the 
adaptive increase in the activity of the liver peroxisomal 
@-oxidative system seems to be the most important pro- 
cess, explaining the adaption to 22:l fatty acids in the 
diet. 

High Carnitineb Low Carnitine' 

+ + - - 

(+)- (+)- (+)- (+)- 
DC DC DC DC 

Oxidized 93.7 42.1 43.4 8.2 
Esterified 30.2 55.8 54.6 71.1 
Uptake 123.9 97.9 97.4 79.2 
Chain-shortenedd 23.4 30.9 37.5 50.6 

The results are presented as mean (nmol fatty acid metabolized 
X mg protein-' X 60 min-I) from cell preparations from three rats in 
each group. (+)-Decanoylcarnitine ((+)-DC) was added to the con- 
centration of 1 mM. 

"The  intracellular carnitine concentration varied from 1.8 to 2.5 
nmol mg-' protein. 

The intracellular carnitine concentration varied from 0.25 to 0.4 
nmol mg-' protein. 

Sum of C,,, C,,, and C,, radioactive fatty acids recovered from 
[ 14-I4C]erucic acid. 

Data are from reference 58 with the permission of Elsevier/North 
Holland Biomedical Press. 

WHAT ARE T H E  MECHANISMS 
O F  ADAPTATION? 

The experimental data discussed in previous para- 
graphs indicate that the adaptation of rats to a high 
content of 22:l fatty acids in the diet is explained mainly 
by an increased capacity of the peroxisomal @-oxidation 
enzyme system to chain-shorten these long fatty acids. 
Admittedly, the peroxisomes, as the mitochondria, oxi- 
dize erucic acid at a low rate compared, for example, to 
palmitate under optimal conditions. However, in the in- 
tact cell, when the long-chain acyl-CoA is formed in the 
extramitochondrial compartment, it will have more direct 
access to peroxisomal @-oxidation that is carnitine-in- 
dependent, than to mitochondrial @-oxidation that is car- 
nitine-dependent. It is also possible that peroxisomes 
oxidize erucoyl-CoA with a certain preference since free 
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CoA seems to inhibit passage of palmityl-CoA through 
the peroxisomal membrane, while the passage of erucoyl- 
CoA is less inhibited (87). 

It is striking that 22:l fatty acids and clofibrate have 
so many common effects on fatty acid metabolism. Both 
increase the activity of peroxisomal P-oxidation system 
and chain-shortening of long chain fatty acids; both in- 
crease the activity of 4-enoyl-CoA reductase in the mi- 
tochondria; and both increase the activity of ornithine 
decarboxylase in the liver.4 This may be coincidence, but 
it should be kept in mind that clofibrate is converted to 
a glucuronic acid conjugate (1 13), and it is likely, there- 
fore, that clofibric acid is activated to a CoA ester prior 
to that conversion. A common feature of clofibrate and 
22:l fatty acids, therefore, may be conversion to CoA 
esters that are difficult to metabolize. This could rep- 
resent a triggering mechanism for the adaptation. In this 
connection it is striking that the peroxisomal /3-oxidation 
system increases its activity in fat feeding, fasting, and 
cold adaption, conditions with elevated levels of long- 
chain acyl-CoA in the tissues (80-83, 89). 

The increased activity of ornithine decarboxylase in- 
dicates that enzyme induction (protein synthesis) mech- 
anisms are involved in the adaptation (1 14). 

In some respects there are also important differences 
in the cellular responses in rat liver to clofibrate and 22: 1 
fatty acids (partially hydrogenated marine oil). Recent 
studies using analytical differential centrifugation and 
morphometric analysis revealed that clofibrate induced 
a marked polydispersity of the peroxisomes and consid- 
erable increase in the average size of these organelles 
(115). However, after marine oil feeding, the size of 
peroxisom decreased by 10% and the particles formed 
a homogenous population (116). It thus appears that 
clofibrate stimulates peroxisomal biogenesis, while par- 
tially hydrogenated marine oil induces a more selective 
increase in peroxisomal &oxidation activity. 

We do not know why hydrogenated fish oil is more 
efficient as an adaptation inducer than is rapeseed oil 
with the same content of 22:l fatty acid. The hydroge- 
nated fish oil contains many trans fatty acids, and some 
of them are more slowly oxidized in the mitochondria 
than the corresponding cis acids (81, 117). It is possible, 
therefore, that some trans fatty acids may fortify the effect 
of the 22:l fatty acids. Interference with the metabolism 
of the essential polyunsaturated fatty acids is also a pos- 
sibility. The induction of 4-enoyl-CoA reductase (1 1 1, 
112), which is an auxiliary enzyme in the metabolism 
of unsaturated fatty acids, is interesting in this connec- 
tion. These questions are currently under active study 
in our laboratories.8 
We are grateful to our colleagues E. N. Christiansen, B. 0. 
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