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The oxidative capacity of the liver, the heart and skeletal muscles for fatty acids were
investigated in preruminant calves fed for 19 d on a milk-replacer containing either coconut
oil (CO, rich in 12:0) or tallow (rich in 16:0 and 18:1). Weights of the total body and tissues did
not differ significantly between the two groups of animals but plasma glucose and insulin
concentrations were lower in the CO group. Feeding on the CO diet induced an 18-fold increase
in the hepatic concentration of triacylglycerols. Rates of total and peroxisomal oxidation of
[1-14C]laurate, [1-14C]palmitate and [1-14C]oleate were measured in fresh tissue homogenates.
Higher rates of total oxidation in liver homogenate and of peroxisomal oxidation in liver, heart
and rectus abdominismuscle homogenates were observed with laurate used as substrate.
Furthermore, the relative contribution of peroxisomes to total oxidation was 1⋅9-fold higher in
the liver and in the heart with laurate than with oleate or palmitate. Finally, the peroxisomal
oxidation rate of oleate was 1⋅5-fold higher in the hearts of calves fed on the CO diet. Whatever
the tissue, citrate synthase (CS,EC 4.1.3.7) and cytochromec oxidase (COX,EC 1.9.3.1)
activities were similar between the two groups of calves but the COX : CS activity ratio was lower
in the liver of the CO group. In conclusion, laurate is better catabolized by peroxisomes than
long-chain fatty acids, especially in the liver. Elongation of lauric acid after partial oxidation
might explain the hepatic triacylglycerol accumulation in calves fed on the CO diet.

Fatty acids: Dietary fat: Coconut oil: Preruminant calf

In meat-producing animals, muscle growth results from an
appropriate partitioning of nutrients between various tissues.
Partitioning of energy-yielding substrates is controlled by
complex interactions between substrate availability and fate
of nutrients within tissues (for review, see Hocquetteet al.
1998; Hocquette & Bauchart, 1999). From birth to weaning,
the preruminant calf is considered as a single-stomached
animal, receiving a liquid milk diet in which carbohydrates
and fats are the major energy sources. Fats added to milk-
substitutes for calves are generally from animal sources
(beef-tallow or lard) which provide similar amounts of
saturated and unsaturated long-chain fatty acids (Jenkins
et al. 1985). However, as a consequence of bovine spongi-
form encephalopathy, alternate sources of fat and protein
from vegetal origin incorporated in milk diets should be of
particular interest. Such modifications in chemical com-
position of the diets must, however, not affect the zootech-
nical performances of calves as well as the nutritive and

organoleptic characteristics of the meat. For instance, it was
recently shown that a milk diet containing soyabean oil as a
sole source of lipids (230 g/kg on a DM basis) given for
3 weeks to 1-month-old calves reduced both the food intake
(−12⋅8 %) and body weight gain (−10⋅6 %) and led to the
development of a fatty liver (for review, see Hocquette &
Bauchart, 1999). In contrast, supplementation of the milk-
diet with coconut oil (CO), a natural vegetal oil providing
high amounts of medium-chain fatty acids (FA), especially
of laurate (12:0, 424 g total FA/kg), seems to be of particular
interest for the growth of calves. Replacing part of the
tallow (TA) with CO in the milk-diet for at least 2 weeks
increased protein retention in the preruminant calf
(Aurousseauet al. 1983). Furthermore, limited retention
of 14C-atoms was observed afterin vivo administration of
[ 14C]lauric acid in pig and rat peripheral tissues (Milleret al.
1971; Leytonet al. 1987). These observations suggest a
rapid tissue catabolism of lauric acid favouring energy
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production in the muscle and a N-sparing effect. So far,
studies on the effects of dietary lauric acid on lipid meta-
bolism have been mainly performed in the whole animal and
focused on energy and N retention, on tissue lipid com-
position (Demarneet al. 1978; Craig & Gatlin, 1995;
Yaqoobet al. 1995) and on lipogenesis in the liver of rats
(Wiley et al. 1973). In contrast, to our knowledge, no data
are available on laurate oxidative capacity of calf liver and
muscle, and on how dietary CO affects catabolic processes
within these tissues.

Therefore, the aim of the present study was to determine
the ability of tissues to use dietary fatty acids in CO with
regard to energy production for muscle growth. For this, we
studied the oxidation of lauric, palmitic and oleic acids both
at mitochondrial and peroxisomal levels simultaneously
in the most metabolically active tissues or organs: the
liver, the heart, and two skeletal muscles in two groups of
preruminant calves. Groups were fed, at the same energy
intake, on a conventional milk replacer containing either TA
or CO. Enzyme activities known to influence the flux
through the Krebs cycle (citrate synthase, CS;EC 4.1.3.7)
and the respiratory chain (cytochromec oxidase, COX;EC
1.9.3.1) were also measured since they were shown to be
correlated with fatty acid oxidation capacity (Piotet al.
1998).

Materials and methods

Reagents

[1-14C]Lauric acid (2⋅07 GBq/mmol), [1-14C]palmitic acid
(2⋅11 GBq/mmol) and [1-14C]oleic acid (2⋅04 GBq/mmol)
were obtained from Amersham International (Amersham,
Bucks., UK). ATP, NAD+, and cytochromec were supplied
by Boehringer-Mannheim (Meylan, France). Antimycin A,
acetyl-coenzyme A, fatty acid-free bovine serum albumin,
L-carnitine, lauric acid, palmitic acid, oleic acid, rotenone,
oxaloacetate,L-malate, and coenzyme A were purchased
from Sigma (St Louis, MO, USA). Other reagents were from
Merck (Darmstadt, Germany).

Animals and diets

The experiment was performed using two groups of five
2-week-old preruminant crossbred Holstein-Friesian male
calves. Calves were housed on a litter of wood shavings in
an air-conditioned room (relative humidity 80 %, mean tem-
perature 208). Animals were fed for 19 d on a conventional
milk replacer containing 160 g/kg DM which was composed
of 656 g spray-dried skimmed milk powder/kg (i.e. 228 g
protein/kg), 224 g TA/kg (tallow group) or 224 g CO/kg
(coconut oil group), 50 g maize starch/kg, and 10 g vitamin
and mineral mixture/kg (Bridel Retiers SA, 35134 Rennes,
France) (for details see Table 1). The total lipid and fatty
acid contents of the milk powder amounted to 241 and
220 g/kg DM respectively. Liquid milk replacer was fed
in buckets in two meals per day at 08.00 and 16.00 hours
according to the recommendations of Toullec (1978) to
allow an average daily weight gain of 1 kg. Body weight
was measured weekly. The night before slaughter, animals
were fed four times (at 22.00, 01.00, 04.00 and 07.00 hours)

to ensure a constant post-absorptive state (Durand &
Bauchart, 1986). At slaughter (08.00 hours), the body
weight of calves averaged 68 (SE 2⋅7) kg.

Blood and tissue samples

Blood (20 ml) was collected from the jugular vein into
Na2EDTA tubes (final concentration 3 mM) at the time of
slaughter. Plasma was then separated by centrifugation at
3500g for 10 min at 48 and stored at−208 until analyses.

Calf tissues were taken under general anesthesia with
isofluorane (20 ml/l; 0⋅5 litre/min), before slaughter of the
calf at 5 weeks of age. Tissue samples (50–100 g) from the
liver and from the following muscles were taken at the same
site for all animals to minimize sampling error (Hocquette
et al. 1995): heart,rectus abdominis(RA) and longissimus
thoracis (LT) muscles. Samples of liver, heart and skeletal
muscles were quickly trimmed of visible fat and connective
tissue. Samples were then cut into pieces which were
immediately divided into two parts. One part was rapidly
excised with scissors and immediately cooled in ice-cold
buffer consisting of 0⋅25M-sucrose, 2 mM-Na2EDTA and
10 mM-Tris-HCl (pH 7⋅4). Whole homogenates (5 g tissue
and 95 ml buffer) were prepared by hand homogenization
using a glass–glass homogenizer. Two pestles with dif-
ferent diameters were used (intervening space 0⋅050 and
0⋅075 mm). The second part was frozen in liquid N2 in less
than 10 min post-slaughtering and stored at−808 for sub-
sequent analyses.

Assay for fatty acid oxidation

FA oxidation rates were measured in tissue homogenates by
the procedure of Veerkamp & Van Moerkerk (1986) and as
previously described by Piotet al. (1998). Laurate (12:0),
palmitate (16:0) and oleate (18:1) were used as substrates
since they were abundant either in CO diet (12:0, 424 g/kg
total FA), or in TA diet (18:1, 378 g/kg total FA) or in
both diets (16:0, 223 and 128 g/kg total FA for TA and CO
respectively) (Table 2). Briefly, fatty acid oxidation was
determined in a total volume of 0⋅5 ml containing 25ml
(liver) or 100ml (heart or skeletal muscles) homogenate in
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Table 1. Composition of the experimental milk diets (g/kg DM)

Tallow Coconut oil
Ingredient* diet diet

Spray-dried skimmed milk powder 656 656
Whey 60 60
Tallow 224 –
Coconut oil – 224
Maize starch 50 50
Vitamin and mineral mixture† 10 10
Metabolizable energy value (MJ/kg diet) 19⋅65 20⋅00

* All ingredients were purchased from Bridel Retiers SA, 35134 Rennes,
France.

† Contained (per kg mixture): MgSO4 0⋅15 g, MgO 0⋅30 g, FeSO4 8 mg, CuSO4

10 mg, ZnSO4 80 mg, MnSO4 48 mg, CoSO4 0⋅6 mg, CaCl2 0⋅18 mg,
Na2SeO3 0⋅15 mg, retinol 25 000 IU, cholecalciferol 5000 IU, a-tocopherol
50 mg, thiamine 5 mg, riboflavine 10 mg, panthothenic acid 25 mg, niacin
40 mg, cyanocobalamin 0⋅08 mg, pyridoxine 4 mg, menadione 2⋅5 mg, ascor-
bic acid 100 mg, biotine 0⋅1 mg, folic acid 1⋅2 mg, methionine 0⋅6 g, lysine
chloride 0⋅8 g, choline 0⋅8 g, virginiamycin 0⋅05 g and sorbitol (Celtic Langlois,
St. Jacques de la Lande, France) 3 g.
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25 mM-sucrose, 75 mM-Tris-HCl (pH 7⋅4), 10 mM-K 2HPO4,
5 mM-MgCl2 and 1 mM-Na2EDTA supplemented with
1 mM-NAD +, 5 mM-ATP, 25mM-cytochrome c, 0⋅1
mM-coenzyme A, 0⋅5 mM-L-malate and 0⋅5 mM-L-carnitine.
Peroxisomal FA oxidation was determined in the presence
of inhibitors of mitochondrial oxidation, i.e. antimycin A
and rotenone (73mM and 10mM final concentrations respec-
tively) as described by Veerkamp & Van Moerkerk (1986).
All assays were performed under conditions which were
optimal with respect to time, concentration of palmitate and
of tissue material as previously described (Piotet al. 1998)
and were made in triplicate. Flasks were preincubated for
5 min at 378 before addition of 100ml 600mM-[1-14C] FA
bound to albumin in a 5 : 1 molar ratio. Specific activity
usually averaged 0⋅056–0⋅062 GBq/mmol. Incubation was
carried out for 30 min at 378 with agitation and stopped by
0⋅2 ml 3M-HClO4. The released14CO2 was trapped in 0⋅3 ml
ethanolamine–ethylene glycol (1 : 2, v/v) and measured by
liquid scintillation counting in 5 ml of Ready Safe (Beckman
Instruments Inc., Fullerton, CA, USA). After 90 min at 48, the
acid incubation mixture was centrifuged for 5 min at 10 000g
and 150ml supernatant fraction containing14C-labelled
HClO4-soluble products was assayed for radioactivity by
liquid scintillation. Adequate controls (incubations for 30 min
without homogenate) were applied to correct values of acid-
soluble radioactivity for labelled free FA. FA oxidation rates
were calculated from the sum of14CO2 and 14C-labelled
HClO4-soluble products and were expressed as nmol FA/min
per g tissue wet weight.

Analytical techniques

Plasma samples. Plasma concentrations of non-esterified
FA were determined enzymically using the Wako kit
(Unipath SA, Dardilly, France). The triacylglycerol (TG)
concentration was measured by the enzymic method using
the reagent kit PAP 1000 (Biome´rieux, Charbonnie`res-les-
Bains, France). Commercial kits were used to determine

plasma concentrations of insulin (INSI-PR; Cis Bio Inter-
national, ORIS group, Gif-Sur-Yvette, France) and of triiodo-
thyronine (T3 Amerlex-M RIA; Ortho-Clinical Diagnostics,
Amersham, Bucks., UK). Theb-hydroxybutyrate concen-
tration was measured by an enzymic method according to
Barnouinet al. (1986).

Tissue samples. Total lipids of tissue samples (liver,
heart, RA and LT) were extracted in chloroform–methanol
(2 : 1, v/v) according to the method of Folchet al. (1957).
TG were determined from total lipid extracts as described
by Leplaix-Charlatet al. (1996).

CS activity was determined in sonicated homogenates
by measuring the rate of initial reaction at 412 nm by
means of the 5,59-dithiobis(2-nitrobenzoate) method as
described by Piotet al. (1998). COX activity was assayed
in freeze–thawed and sonicated homogenates at 258 accord-
ing to Piotet al. (1998) with 90mM-cytochromec as sub-
strate and 50 mM-K 2PO4 (pH 7⋅4). For CS and COX, 1 unit
of enzyme is defined as the amount which, under assay
conditions, catalyzes the liberation of 1mmol coenzyme A,
or the oxidation of 1mmol cytochromec respectively, per
min at 258. Activity is expressed as units/g tissue wet
weight.

Statistical analyses

ANOVA of the data was made using the general linear
models procedure of SAS, version 6 (Statistical Analysis
Systems Inc., Cary, NC, USA). For TG, CS, COX and
COX : CS ratio, the tested effects included group of animals
(TA, CO), animals tested within the treatment group and
tissue. For oxidation rates, the tested effects included group
of animals (TA, CO), animal tested within the treatment
group and FA. Statistical significance of mean differences
between tissues or fatty acids were investigated by ANOVA
and by the multiple comparison of Scheffe´ at P, 0⋅05.
Comparisons among groups per tissue or per fatty acid were
made using the Student’st test for unpaired data.P, 0⋅05
andP, 0⋅10 were considered statistically significant and as
a tendancy for a statistical significance respectively.

Results

Animal characteristics and plasma variables at slaughter

Food intake (MJ/d) was similar for the two groups of calves
(Table 3). Body weight of the animals as well as average
daily weight gain and feed efficiency were similar for the
TA and the CO groups (Table 3). In addition, the weights of
liver, heart, RA and LT did not significantly differ between
the two groups of calves (Table 3).

No significant differences between groups were found in
plasma non-esterified FA, TG and triiodothyronine levels at
slaughter. However, calves fed on a milk-substitute rich in
CO showed lower plasma insulin and glucose levels respec-
tively than the calves from the TA group (−53 %,P, 0⋅10
and−20 %,P, 0⋅001 respectively).

TG contents in tissues significantly differed between the
two groups of calves (Table 4). TG concentration was 18-
fold higher in the liver of the CO group than in that of the
TA group (P, 0⋅001; Table 4) but no significant differences
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Table 2. Fatty acid composition of the experimental milk diets

Tallow diet Coconut oil diet

Fatty acid g/kg total fatty acids

8:0 1 6
10:0 1 4
12:0 29 424
14:0 42 179
16:0 223 128
16:1n-7 24 5
18:0 192 50
18:1n-9 378 121
18:2n-6 24 30
18:3n-3 4 3
20:0 3 1
S 20:1 4 2
Others* 75 11
S Saturated fatty acids 538 830
S Monounsaturated fatty acids 420 130
S Polyunsaturated fatty acids 43 40
S : U ratio 1⋅2 4⋅9

S, saturated; U, unsaturated.
* Branched-chain fatty acids and minor fatty acids (, 0⋅1%).
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between groups were observed in the heart and skeletal
muscles.

Mitochondrial enzyme activities

As previously described by Piotet al. (1998), the activities
of mitochondrial enzymes differed between the bovine

tissues. Thus, whatever the diet, CS activity was significantly
higher in the heart than in the liver, RA and LT muscles
(Table 5). In the same way, COX activity was significantly
higher in the heart than in the liver, RA and LT muscles
(Table 5). The mean COX : CS activity ratio differed also
between tissues and was the highest in the liver (Table 5).

The activities of CS and COX were not affected by the
diet. However, the mean COX : CS activity ratio was sig-
nificantly lower in the liver of animals of the CO group than
in that of the animals of the TA group (15⋅2 v. 25⋅5
respectively,P, 0⋅01; Table 5).

Fatty acid oxidation rates in tissue homogenates

Preliminary statistical analysis of all the data obtained in the
four studied tissues, with three different substrates (laurate,
palmitate and oleate) and with the two groups of calves
revealed no significant effect of the diet on the tissue oxi-
dation rates. However, great differences were present
between tissues as previously described (Piotet al. 1998).
Consequently, the data obtained with each tissue were then
analysed and presented separately.

Liver. The oxidation rates of FA differed markedly with
the type of FA used as a substrate (P=0⋅006; Table 6).
Indeed, total oxidation rate was 2⋅1-fold higher with laurate
than with oleate (P, 0⋅05) and peroxisomal oxidation rates
as well as the contribution of peroxisomes to total FA
oxidation were higher with laurate than with palmitate or
oleate (3⋅8-fold and 2⋅1-fold, P, 0⋅05 respectively; Table
6). When expressed per unit of mitochondrial enzyme
activity, total oxidation rate was 2⋅0-fold higher with laurate
than with oleate as substrate (P, 0⋅05; Table 6). Dietary
lipids did not significantly affect the total or peroxisomal
oxidative capacity of the liver whatever the expression of
the results (Table 6).

Heart. The nature of the substrate used in thein vitro
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Table 3. Animal characteristics and plasma variables for preruminant calves fed on either a milk-substitute
rich in tallow or a milk-substitute rich in coconut oil for 19 days‡

(Mean values with their standard errors for five calves per group)

Tallow diet Coconut oil diet

Mean SE Mean SE

Live body weight at 15 d of age (kg) 51⋅6 3⋅46 49⋅8 3⋅15
Average daily weight gain (g/d) 855 117 906 103
Live body weight at slaughter (kg) 68⋅2 5⋅52 66⋅9 1⋅87
Food intake (g/d) 1276 28⋅8 1282 19⋅1
Metabolizable energy intake (MJ/d) 25⋅1 0⋅567 25⋅6 0⋅191
Organ and tissue weights at slaughter (kg):

Liver 1⋅73 0⋅167 1⋅90 0⋅081
Heart 0⋅48 0⋅052 0⋅49 0⋅027
Rectus abdominis 0⋅20 0⋅009 0⋅19 0⋅016
Longissimus thoracis 1⋅75 0⋅137 1⋅80 0⋅136

Plasma metabolite concentrations:
Glucose (mmol/l) 8⋅30 0⋅118 6⋅66*** 0⋅210
b-Hydroxybutyrate (mmol/l) 0⋅10 0⋅006 0⋅12 0⋅011
Non-esterified fatty acids (mg/l) 70⋅7 12⋅20 75⋅8 3⋅280
Triacylglycerols (mmol/l) 0⋅54 0⋅062 0⋅41 0⋅052

Plasma hormonal concentrations:
Insulin (mU/ml) 40⋅9 8⋅44 19⋅2† 3⋅27
Triiodothyronine (ng/ml) 2⋅46 0⋅191 2⋅33 0⋅147

Mean values were significantly different from that of the tallow diet group: †P =0⋅060, ***P , 0⋅001.
‡ For details of diets see Tables 1 and 2.

Table 4. Triacylglycerol content of the liver, the heart and skeletal
muscles in preruminant calves fed on a milk-substitute rich in tallow
(TA) or the same milk-substitute rich in coconut oil (CO) for 19 days†

(Mean values with their standard errors for five calves per group)

Triacylglycerol content (mg/g
tissue wet wt.)

Tissue TA diet CO diet

Liver Mean 2⋅22a 40⋅6a****
SE 0⋅109 9⋅426

Heart Mean 4⋅53a 2⋅62b

SE 1⋅788 0⋅356
RA Mean 10⋅3a 15⋅6b

SE 3⋅712 4⋅743
LT Mean 3⋅20a 3⋅82b

SE 0⋅500 0⋅774

Statistical significance of effect of: P ,‡
G 0⋅012
A 0⋅17
T 0⋅0001
G ×T 0⋅0001

RA, rectus abdominis; LT, longissimus thoracis.
a,b Mean values within a column with unlike superscript letters were significantly

different within each group of calves (P , 0⋅05).
Mean values were significantly different between the two groups for a given

tissue: ****P , 0⋅0001.
† For details of diets and procedures see Tables 1 and 2 and pp. 300–301.
‡ G, A, T, G ×T: mean significant effects of animal group (G) tested against

animals within group, of animal (A), of tissue (T) and of the group × tissue
interaction (G × T).
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assay mainly affected the activity of the peroxisomal system
(Table 6). The highest peroxisomal oxidation rates and con-
tribution of peroxisomes to total oxidation were observed
when laurate was used as the substrate (P, 0⋅001 andP,
0⋅01 respectively).

In addition, the peroxisomal oxidation rate was also
influenced by the FA composition of the milk-substitute
(P=0⋅04; Table 6). Indeed, peroxisomal oxidation rate of
oleate was 1⋅5-fold higher in the heart from calves fed on the
CO diet than in those from calves fed on the TA diet
(P, 0⋅05; Table 6). Conversely, total oxidation rate did not
vary with the diet or with the FA used in the assay whatever
the expression of the results (i.e. per g wet tissue or per
mitochondrial enzyme activity) (data not shown).

Rectus abdominisand longissimus thoracisskeletal
muscles. As noted in the heart, peroxisomal oxidation
rate of laurate in RA was 3⋅4-fold higher than those of oleate
(P, 0⋅05; Table 7).

The FA composition of diets did not significantly influ-
ence the oxidative capacity of both muscles (Table 7).
However, the contribution of the peroxisomes to the total
oxidation rate of oleate was 2⋅3-fold higher in LT of calves
fed on the CO diet than in calves fed on the TA diet (P,
0⋅05; Table 7).

Discussion

Animal characteristics and plasma variables

Growth rates of calves were not affected by the nature of
dietary FA as previously observed by Jenkinset al. (1985).
These results do not confirm those of Aurousseauet al.
(1983, 1984a) who observed improved growth rate and N
retention in preruminant calves when only one-third of the
TA was replaced by CO for 2–4 weeks. These discrepancies

may reflect differences between experimental conditions,
especially between the FA composition of the experimental
diets. Feeding on the CO diet did not reduce food intake
compared with those fed on the TA diet, in contrast to a
milk-diet supplemented with soyabean oil (Leplaix-Charlat
et al. 1996).

Previous analyses of blood samples of the same animals
have shown that TG of chylomicrons in calves fed on the
CO diet were rich in 12:0 (632 g/kg total FA) indicating that
dietary laurate was preferentially transported by the lym-
phatic pathway rather than by the portal vein (Bauchartet al.
1998).

The lower plasma insulin level observed in calves of the
CO group was unexpected since no change in rats and
human subjects, and even an increased insulin concentration
in rats fed on a diet containing medium-chain TG (6:0 and
8:0), have been described previously (for review, see Bach
et al. 1996). Higher insulinaemia is generally attributed to a
stimulation of insulin secretion by higher plasma levels of
ketone bodies induced by the medium-chain TG diet. How-
ever, such a difference in plasma ketone bodies concentra-
tion was not observed in our study, probably because the CO
diet was supplied with carbohydrate in sufficient amounts to
suppress ketogenesis (for review, see Bachet al. 1996).
Alternatively, the low plasma insulinaemia in the CO group
may be explained by a lower stimulation of the glucose-
induced secretion of insulin by medium-chain FA than by
long-chain FA (Steinet al. 1997). In addition, the lower
plasma insulin and glucose levels in the CO group may
indicate an increased insulin sensitivity of peripheral tissues
such as muscles (Bauchartet al. 1996) as observed in human
subjects during eucaloric medium-chain TG substitution
(Wilson et al. 1983; Eckelet al. 1992). Furthermore, a
low insulinaemia in calves fed on the CO diet can reduce the
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Table 5. Citrate synthase (EC 4.1.3.7) (CS) and cytochrome c oxidase (EC 1.9.3.1) (COX) activities and mean
COX : CS in different tissues from preruminant calves fed on either a milk-substitute rich in tallow (TA) or the

same milk-substitute rich in coconut oil (CO) for 19 days†

(Values are means with their standard errors for five calves per group)

CS activity COX activity
(U/g tissue wet wt.) (U/g tissue wet wt.) COX : CS

TA diet CO diet TA diet CO diet TA diet CO diet

Liver Mean 3⋅45b 3⋅77b 83⋅0b 56⋅1b 25⋅5a 15⋅2a**
SE 0⋅604 0⋅333 8⋅17 10⋅28 2⋅71 2⋅98

Heart Mean 28⋅2a 39⋅0a 231a 211a 9⋅64b 6⋅28b

SE 5⋅138 7⋅92 39⋅4 8⋅12 2⋅742 1⋅159
RA Mean 4⋅71b 4⋅90b 24⋅4b 25⋅0b 6⋅53b 5⋅29b

SE 0⋅984 0⋅688 6⋅26 2⋅992 2⋅293 0⋅593
LT Mean 4⋅80b 7⋅38b 19⋅9b 23⋅1b 4⋅46b 3⋅42b

SE 0⋅612 1⋅166 6⋅61 3⋅416 1⋅428 0⋅605

Statistical significance of effect of: P ,‡
G 0⋅28 0⋅43 0⋅11
A 0⋅10 0⋅16 0⋅002
T 0⋅0001 0⋅0001 0⋅0001
G ×T 0⋅28 0⋅65 0⋅01

RA, rectus abdominis; LT, longissimus thoracis.
a,b Mean values within a column with unlike superscript letters were significantly different within each group of calves (P , 0⋅05).
Mean values were significantly different between the two groups for a given tissue: **P , 0⋅01.
† For details of diets and procedures see Tables 1 and 2 and pp. 300–301.
‡ G, A, T, and G × T: mean significant effects of animal group (G) tested against animals within group, of animal (A), and of

tissue (T) and of the group × tissue interaction (G × T).
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Table 6. Oxidation rates of fatty acids in liver and heart homogenates from preruminant calves fed on either a milk-substitute rich in tallow (TA) or the same milk-substitute rich in coconut oil (CO)
for 19 days†

(Values are means with their standard errors for five calves per group)

Fatty acid oxidation rate
Statistical significance of

TA diet CO diet Average effect of: P ,‡

Fatty acid … 12:0 16:0 18:1 12:0 16:0 18:1 12:0 16:0 18:1 G A FA G ×FA

Liver
Total oxidation rate Mean 432a 284a 218a 363a 268a 163a 397a 276ab 187b 0⋅63 0⋅15 0⋅006 0⋅86

(nmol/min per g tissue wet wt.) SE 80⋅4 64⋅4 23⋅0 101⋅8 20⋅4 19⋅4 62⋅2 32⋅0 27⋅9
Peroxisomal oxidation rate Mean 169a 65⋅4b 33⋅2b 189a 63⋅0b 39⋅8b 179a 64⋅2b 36⋅9b 0⋅45 0⋅57 0⋅0001 0⋅80

(nmol/min per g tissue wet wt.) SE 29⋅0 8⋅55 2⋅34 26⋅4 3⋅93 1⋅76 18⋅8 4⋅46 2⋅74
Contribution of peroxisomal to total oxidation (%)§ Mean 42⋅0ab 28⋅6ab 18⋅8ab 67⋅9a 24⋅0b 32⋅1ab 55⋅0a 26⋅3b 26⋅2b 0⋅30 0⋅13 0⋅005 0⋅21

SE 5⋅86 7⋅30 3⋅81 16⋅58 2⋅30 5⋅36 9⋅34 3⋅67 6⋅68
Total oxidation per unit of citrate synthase Mean 129a 98⋅7a 67⋅3a 103a 72⋅8a 45⋅5a 116a 85⋅7ab 55⋅2b 0⋅43 0⋅01 0⋅006 0⋅90

(EC 4.1.3.7) (nmol/min per U) SE 21⋅9 29⋅7 9⋅26 36⋅6 6⋅68 6⋅68 19⋅0 15⋅00 10⋅35
Total oxidation per unit of cytochrome c oxidase Mean 5⋅01a 3⋅56a 2⋅48a 8⋅14a 5⋅47a 3⋅87a 6⋅58a 4⋅51ab 3⋅26b 0⋅35 0⋅005 0⋅04 0⋅82

(EC 1.9.3.1) (nmol/min per U) SE 0⋅644 0⋅796 0⋅280 4⋅235 1⋅020 0⋅893 1⋅885 0⋅688 0⋅992

Heart
Total oxidation rate Mean 187a 167a 147a 204a 190a 170a 194a 178a 159a 0⋅46 0⋅07 0⋅26 0⋅92

(nmol/min per g tissue wet wt.) SE 21⋅0 16⋅5 20⋅9 45⋅3 7⋅92 20⋅8 21⋅8 9⋅39 14⋅41
Peroxisomal oxidation rate Mean 46⋅5ab 35⋅2ab 22⋅4b 57⋅2a 44⋅8ab 33⋅1b* 54⋅1a 40⋅0b 27⋅8b 0⋅04 0⋅22 0⋅0004 0⋅81

(nmol per g tissue wet wt.) SE 7⋅00 3⋅41 1⋅18 4⋅43 8⋅50 3⋅40 4⋅95 4⋅60 2⋅47
Contribution of peroxisomal to total oxidation (%)§ Mean 24⋅9ab 21⋅8ab 16⋅2b 35⋅8a 23⋅9ab 20⋅7ab 29⋅7a 22⋅8ab 18⋅4b 0⋅23 0⋅03 0⋅01 0⋅25

SE 2⋅58 3⋅10 2⋅01 11⋅76 4⋅97 3⋅691 5⋅35 2⋅78 2⋅12

a,b Mean values within a row with unlike superscript letters were significantly different (P , 0⋅05).
Mean values were significantly different between the two groups: *P , 0⋅05.
† For details of diets and procedures see Tables 1 and 2 and pp. 300–301.
‡ G, A, FA and G ×FA: mean significant effects of animal group (G) tested against animals within a group, of animal (A), of fatty acid (FA) and of group × fatty acid interaction (G ×FA).
§ Contribution of peroxisomal oxidation represents the proportion of peroxisomal to total oxidation rate.
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Table 7. Oxidation rates of fatty acids in skeletal muscle homogenates from preruminant calves fed on either a milk-substitute rich in tallow (TA) or the same milk-substitute rich in coconut oil (CO)
for 19 days†

(Values are means with their standard errors for five calves per group)

Fatty acid oxidation rate
Statistical significance of

TA diet CO diet Average effect of: P ,‡

Fatty acid … 12:0 16:0 18:1 12:0 16:0 18:1 12:0 16:0 18:1 G A FA G ×FA

Rectus abdominis
Total oxidation rate Mean 28⋅0a 30⋅7a 20⋅9a 27⋅2a 19⋅0a 15⋅0a 27⋅6a 24⋅8a 17⋅9a 0⋅23 0⋅22 0⋅14 0⋅53

(nmol/min per g tissue wet wt.) SE 8⋅80 5⋅00 3⋅91 3⋅80 3⋅35 3⋅95 4⋅76 3⋅44 2⋅80
Peroxisomal oxidation rate Mean 16⋅8a 8⋅60b 3⋅80a 12⋅5a 6⋅60a 4⋅60a 14⋅4a 7⋅60ab 4⋅21b 0⋅60 0⋅25 0⋅01 0⋅75

(nmol/min per g tissue wet wt.) SE 7⋅01 2⋅81 0⋅323 2⋅63 2⋅76 1⋅044 3⋅27 1⋅88 0⋅53
Contribution of peroxisomal to total oxidation (%)§ Mean 48⋅6a 27⋅7a 23⋅9a 47⋅2a 34⋅1a 40⋅7a 47⋅8a 30⋅9a 32⋅3a 0⋅46 0⋅08 0⋅04 0⋅50

SE 8⋅90 6⋅04 8⋅45 8⋅34 9⋅24 12⋅23 5⋅71 5⋅31 7⋅55

Longissimus thoracis
Total oxidation rate Mean 26⋅3a 24⋅2a 18⋅8a 20⋅9a 25⋅0a 14⋅7a 23⋅3a 24⋅6a 16⋅8a 0⋅66 0⋅007 0⋅05 0⋅67

(nmol/min per g tissue wet wt.) SE 5⋅38 3⋅39 4⋅79 3⋅81 5⋅62 4⋅00 3⋅12 1⋅12 3⋅01
Peroxisomal oxidation rate Mean 8⋅64a 6⋅16a 3⋅04a 5⋅95a 7⋅39a 3⋅66a 7⋅15a 6⋅77a 3⋅35a 0⋅96 0⋅08 0⋅12 0⋅65

(nmol/min per g tissue wet wt.) SE 4⋅43 1⋅24 0⋅559 2⋅98 1⋅975 0⋅852 2⋅44 1⋅12 0⋅491
Contribution of peroxisomal to total oxidation (%)§ Mean 32⋅9a 26⋅8a 12⋅7a 22⋅9a 31⋅3a 29⋅7a* 27⋅3a 29⋅1a 21⋅1a 0⋅66 0⋅26 0⋅67 0⋅34

SE 12⋅22 5⋅76 1⋅94 9⋅77 6⋅69 5⋅85 7⋅38 4⋅23 4⋅37

a,b Mean values within a row with unlike superscript letters were significantly different (P , 0⋅05).
Mean values were significantly different between the two groups: *P , 0⋅05.
† For details of diets and procedures see Tables 1 and 2 and pp. 300–301.
‡ G, A, FA and G × FA: mean significant effects of animal group (G) tested against animals within a group, of animal (A), of fatty acid (FA) and of group × fatty acid interaction (G × FA).
§ Contribution of peroxisomal oxidation represents the proportion of peroxisomal to total oxidation rate.
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intracellular degradation of the apolipoprotein B which is
considered as one of the rate-limiting steps for the hepatic
secretion of TG-VLDL (Gruffatet al. 1996). In these con-
ditions, the liver of calves fed on the CO diet may produce a
higher quantity of VLDL. However, the rate of hepatic
production of VLDL is probably not high enough to avoid
storage of TG since TG accumulated in the liver of calves
fed on the CO diet.

Hepatic fatty acid oxidation

The higher hepatic oxidation rate of laurate than of oleate
was in accordance with previous results obtained in rats
(Leighton et al. 1984; Christensenet al. 1989). Similarly,
the higher hepatic TG content with the CO diet confirms
previous data in gerbils (Nicolisiet al. 1976) and rats
(Bouzianeet al. 1997). The question is thus to understand
how a laurate-rich diet can lead to a higher hepatic TG content
while laurate is better oxidized than long-chain FA by liver.

Generally, medium-chain FA can be oxidized byb-
oxidation in liver cells by three different mechanisms; (1)
carnitine-dependent mitochondrialb-oxidation, (2) carnitine-
independent mitochondrial oxidation and (3) peroxisomal
b-oxidation (for review, see Hocquette & Bauchart, 1999).
The high rate of oxidation of laurate in liver homogenates
may be explained in part by its high peroxisomalb-oxidation
as observed in our study but also by a high carnitine-
independent mitochondrialb-oxidation as observed in iso-
lated rat hepatocytes (Christensenet al. 1989). The high
peroxisomal oxidation rate of laurate may represent a meta-
bolic adaptation of hepatocytes in response to an excessive
uptake of FA by the liver (Christiansenet al. 1985). The
latter may be due, at least in part, to the higher digestibility
and hence, metabolizable energy value of a milk-substitute
rich in CO compared with that rich in TA (Table 1;
Aurousseauet al. 1984b). Alternatively, partly oxidized
laurate may be secreted by the liver as ketone bodies.
However, plasma levels of ketone bodies did not differ
between the two groups of calves.

The hepatic accumulation of TG in calves fed on the CO
diet can result from; (1) a higher rate of direct esterification
of FA, especially of laurate, (2) a higher rate of hepaticde
novolipogenesis or of FA elongation, and/or (3) a lower rate
of VLDL secretion. The first mechanism is unlikely since
the esterification rate is known to be lower for laurate than
for oleate in rats (Christensenet al. 1989). Similarly to the
calves in the present study, laurate is weakly incorporated
into hepatic TG compared with myristate and palmitate
(10⋅4, 38⋅1 and 29⋅0 % of FA in total hepatic TG respec-
tively; Bauchartet al. 1998). The second mechanism is
more likely since dietary medium-chain TG (6:0 and 8:0)
can promote substantial synthesis of long-chain FA (18:0
and 16:0) by the liver (Crozier, 1988). Our results, i.e. the
high peroxisomal oxidation rate of laurate, suggest that after
an initial peroxisomalb-oxidation to shorter FA, acyl-CoA
or acetyl-CoA followed byde novosynthesis or utilization
for chain elongation, the lauric acid can be retailored into
long-chain FA, and finally incorporated in TG, as previously
described for laurate in the rat liver (Christensenet al.
1989). In this context, the hepatic TG accumulation may be
amplified by the 8-fold lower ability of the ruminant liver to

secrete TG-VLDL compared with the rat (for review, see
Gruffat et al. 1996; Hocquette & Bauchart, 1999) since
lipogenesis rate is higher with a medium-chain FA-rich diet
(6:0 and 8:0) than with dietary long-chain TG in the rat
(Takase & Hosoya 1986; Crozier, 1988). This mechanism is
likely to operate in the calf despite a low lipogenic capacity
of the bovine liver. Indeed, the rate ofde novoFA synthesis
is at least 50-fold lower in the bovine liver than in the rat
liver (for review, see Hocquette & Bauchart, 1999) whereas
the difference in FA elongation rate between the two species
is much smaller, i.e. approximately 3-fold (St Johnet al.
1991). This is explained, at least in part, by the very low
activity of acetyl-CoA synthetase (EC 6.2.1.1) in the bovine
liver (Ricks & Cook, 1981). This enzyme is not involved in
the process of FA elongation from acetyl-CoA, but is
involved in the process of FA synthesis from acetate.

Cardiac and muscular fatty acid oxidation

In these tissues, the nature of FA used as substrate and the
type of dietary fat incorporated into the milk-substitute
mainly regulate the rate of peroxisomal FAb-oxidation.
Thus, in the heart, the shorter the chain length of FA, the
more important is the contribution of peroxisomes to total
FA oxidation (12:0. 18:1). As previously described in rat
heart (Reubsaetet al. 1989), no difference has been detected
between 16:0 and 18:1. The similar mitochondrial and
peroxisomal FA oxidation rates in both RA and LT of the
two groups of calves indicate the lack of effect of dietary
FA on the oxidative capacity of these two muscles. These
muscles are indeed glycolytic (LT) or oxido-glycolytic (RA)
tissues in contrast to the heart (oxidative tissue). This con-
firms the results of Power & Newsholme (1997) who demon-
strated in rats that dietary FA, and especially CO have less
influence on the activity and the regulation of carnitine
palmitoyltransferase I (EC 2.3.1.21) in heart and muscles
than in liver. In addition, this latter study showed that dietary
FA required a feeding period longer than 4 weeks to affect
FA oxidation of the muscles.

In conclusion, simultaneous determination of FA oxida-
tion in liver, in heart and in skeletal muscles provided us
with more insight of the metabolic fate of dietary FA from
CO diet. The higher growth rate and N retention in calves
fed on a milk-diet containing a mixture of CO and TA sug-
gested a higher production of energy in muscles favouring
protein deposition in this tissue (Aurousseauet al. 1984a).
Our study showed, byin vitro approach, that FA oxidation
capacity was similar in the heart and skeletal muscles with
the TA and CO milks butin vivoFA oxidation remains to be
studied with these two diets. A higher oxidation rate of
laurate was observed in hepatic peroxisomes which may
induce TG accumulation after short-chain FA elongation.
The fatty liver induced by CO diet can affect, in the long-
term, the health of calves (for review, see Hocquette &
Bauchart, 1999). Furthermore, the simultaneous induction
of the oxidative and lipogenesis pathways by medium-chain
FA in the liver is energetically costly (Hillet al. 1990) and
could compete with other energetic processes such as protein
synthesis in muscle tissues during the intense growth of
preruminant calves. This hypothesis needs to be confirmed
in vivo.
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