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We studied the effects of five high-fat semi-purified diets varying at a 4 % (w/w) level in either stearic, oleic, linoleic, a-linolenic, or
g-linolenic acid on body fat and energy metabolism in BALB/c mice. A diet containing caprylic, capric, lauric, and myristic acid was
used as a reference diet and a diet with 4 % conjugated linoleic acid (CLA) was used as a positive control as it is known to effectively
lower body fat in mice. The diets were fed for 35 d. Body fat was significantly lower in the CLA group than in the other groups but was not
significantly different among the non-CLA groups. Among the non-CLA groups, the linoleic acid group tended to have the highest and the
a-linolenic acid group the lowest proportion of body fat. In energy-balance studies, the percentage of energy intake that was stored in the
body was significantly lower in the CLA group compared with the other dietary groups. The percentage of energy intake eliminated in
excreta was highest in the stearic acid group followed by the g-linolenic acid group. These results were reflected in apparent fat digest-
ibility, which was lowest in the stearic acid group. The percentage of energy intake expended as heat was highest in the CLA-fed mice.
The results of the present study suggest that body fat and energy accretion in mice fed diets containing different C18 fatty acids is by far
the lowest with CLA and that linoleic acid produced the highest fat intake and energy accretion.

C18 fatty acids: Conjugated linoleic acid: Body composition: Energy metabolism

The type of fat in the diet may affect body fat and energy
metabolism. Animal studies suggest that medium-chain
fatty acids (St-Onge & Jones, 2002) and fish oils (Soria
et al. 2002) have a body fat-lowering effect. Long-chain
fatty acids with varying degrees of unsaturation may differ-
ently affect body fat and energy metabolism, but the
reported effects are not consistent. Studies in chickens
indicate that diets high in linoleic acid lower body fat
compared with more saturated fats such as lard and
tallow (Pinchasov & Nir, 1992; Sanz et al. 1999,
2000a,b). Similar results have been reported in studies
with rats (Shimomura et al. 1990; Dulloo et al. 1995;
Takeuchi et al. 1995) and mice (Mercer & Trayhurn,
1987). However, there are also studies in rats (Awad
et al. 1990; Hill et al. 1992, 1993; Su & Jones, 1993; Shil-
lebeer & Lau, 1994; Okuno et al. 1997) and mice (Ikemoto
et al. 1996) that did not show such a differential effect.

Studies in human subjects also suggest that the type of
fat in the diet may affect energy metabolism. Jones &

Schoeller (1988) reported that a diet with a high PUFA:sa-
turated fatty acids (SFA) ratio tended to increase the
thermogenic effect of food compared with a diet with a
low PUFA:SFA ratio. Furthermore, the results of these
studies suggest that with a high intake of PUFA there
is an increased contribution of fat oxidation to the
thermogenic effect of food whereas the contribution of
carbohydrates is decreased. BMR was not affected by
the fat type (Jones & Schoeller, 1988), but in another
study polyunsaturated fat increased BMR (van Marken
Lichtenbelt et al. 1997).

In the studies mentioned, the metabolic effects of var-
ious types of fat differing in fatty acid composition have
been studied. In the present study, we were interested in
specific fatty acids, particularly the C18 fatty acids, i.e.
stearic, oleic, linoleic, a-linolenic, and g-linolenic acid.
We used a diet with a PUFA:SFA ratio of 1·00 as a refer-
ence diet. In addition, we used conjugated linoleic acid
(CLA) as a positive control as it is known to effectively
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lower body fat in mice (West et al. 1998; Terpstra et al.
2002). High-fat, semi-purified diets varying in the type of
C18 fatty acids at a 4 % (w/w) level were prepared and
fed to mice for a period of 35 d. Body composition was
measured and the energy balance was studied.

Materials and methods

The experimental protocol was approved by the animal
experiments committee of the Faculty of Veterinary Medi-
cine, Utrecht University, The Netherlands.

Animals

Male mice (n 96, 5 weeks old; BALB/c–Charles River)
were purchased from The Broekman Institute, Schoolstraat
21, 5711 CP, Someren, The Netherlands and housed in a
temperature-controlled (218C) animal room with a 12 h
light–dark cycle (light on 06.00–18.00 hours). On arrival,
the mice were placed in individual polycarbonate cages
with a wire-mesh bottom. A polyethylene pipe with a
diameter of 50 mm and a length of 140 mm was added to
the cages as environmental enrichment. The mice were
fed a commercial rodent diet (Hope Farms, 3440 AB
Woerden, The Netherlands) for a period of 2 d and then
the control diet (Table 1) for a period of 8 d. The mice
were divided into eight groups of twelve animals balanced
for body weight. One group was killed to collect pre-
experimental values on body composition. The remaining
seven groups were used for the feeding trial. Mice that
had been spilling food during the 8 d pre-experimental
period were allocated to the group that was killed at the
beginning of the study. Thus, the experimental groups
comprised only mice that did not spill any food.

Diets

We used high-fat (23·5 %, w/w) semi-purified diets
(Table 1) containing 4 % (w/w) of different types of C18
fatty acids, i.e. stearic acid (18 : 0), oleic acid (18 : 1n-9),
linoleic acid (18 : 2n-6), CLA (18 : 2n-6 and 18 : 2n-7),

a-linolenic acid (18 : 3n-3), and g-linolenic acid
(18 : 3n-6). Various sources of natural available oils
(Table 2) were added to the diets so that the diets varied
in the different types of C18 fatty acids at a level of 4 g/
100 g diet. Using these various oils (Table 2) and diets
with 23·5 % total fat, we could only incorporate a maxi-
mum of 4 g of a specific fatty acid/100 g diet while keeping
the composition of the other fatty acids constant. The
different types of C18 fatty acids were added at the
expense of caprylic (8 : 0), capric (10 : 0), lauric (12 : 0),
and myristic (14 : 0) acid in the reference diet. The fatty
acid compositions of the various oils were determined
and the amounts of the oils that had to be added were cal-
culated. Then, the fatty acid composition of the diets was
determined to verify the final fatty acid composition
(Table 2). Total lipids in the diets were extracted according
to the official methods of analysis of the Association of
Official Analytical Chemists (Horwitz, 1975) and the
fatty acid composition was determined as described by
Metcalfe et al. (1966).

The semi-purified diets were prepared by Research Diets
Services (Hoge Maat 10, 3961 NC Wijk bij Duurstede, The
Netherlands). The air-dry diets were stored at 48C and,
every other day, two parts of air-dry diet were mixed
with one part water containing 5 g psyllium/l in a Kitchen
Aid kitchen machine (model K5SS/PKM5; Kitchen Aid
Europe, Brussels, Belgium). A dough-like-form diet was
obtained which was facilitated by the KHCO3 and psyllium
and which prevented the mice from spilling the diets in the
cages. The freshly prepared diets were fed to the mice in
heavy glass containers that could not be tipped. In this
way, food consumption could be measured accurately. Ani-
mals were offered the diets for ad libitum consumption and
had free access to tap water. All excreta were also collected
quantitatively throughout the 35 d experiment.

Chemical analysis

At the end of the study, the mice were killed by cervical
dislocation and weighed after the bladder had been emp-
tied. The carcass was cut in pieces and dried in a forced
hot air oven at 608C for a period of 3 d. The dried carcasses
were weighed to calculate the percentage of water, hom-
ogenised in a coffee grinder and stored in airtight glass
containers. Excreta were dried, homogenised, and stored
in the same way.

Total lipids in the dried, homogenised carcasses and
excreta were extracted according to the official methods
of analysis of the Association of Official Analytical Che-
mists (Horwitz, 1975). About 1 g dried material was
added to a Majonnier flask and 2 ml ethanol was added
to moisturise the material. Subsequently, 10 ml HCl
(8 mol/l) was added, the contents were gently mixed, and
the flask was placed in a water-bath of 808C for
30–40 min. The tubes were cooled down, 10 ml ethanol
(96 %) and 25 ml diethyl ether were added and the tube
was vigorously shaken for 1 min. Then, 25 ml petroleum
ether (boiling point between 40 and 608C) was added and
the tube was again vigorously shaken for another 1 min.
The fat-containing upper layer was decanted in a 150 ml
round-bottomed flask. The extraction procedure was

Table 1. Composition of semi-purified diets*

Ingredient g/kg
Metabolisable

energy (%)

Casein 200 16·4
Total fat (oil blends) 235 43·3
Total carbohydrates 472 38·6
Maize starch 234 19·1
Dextrose 239 19·5
Cellulose 34
CaCO3 12
NaH2PO4.2H2O 15
MgCO3 1
KCl 1
KHCO3 7
Mineral premix† 10 0·8
Vitamin premix† 12 1·0
Total 1000 100

* The diets contained a calculated amount of 20·46 kJ metab-
olisable energy/g.

† The compositions of the vitamin and mineral premixes
have been described previously (Terpstra et al. 1988).
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repeated twice with 15 ml diethyl ether and 15 ml pet-
roleum ether and the lipid extract was evaporated to
dryness under N2 in a water-bath of 408C. The round-
bottomed flasks with the lipids were dried overnight at
608C and the total lipids were measured gravimetrically.

For the determination of the ash content, about 0·5 g
dried, homogenised carcass was added to a small porcelain
crucible and put in an oven that was programmed as
follows: 1 h at 2008C, 2 h at 3008C, 3 h at 4008C, and
10 h at 5008C.

The protein content of the dried carcasses was deter-
mined with the macro Kjeldahl method.

Bomb calorimetry

The gross energy content in the dried, homogenised car-
casses, excreta, and diet was determined with a bomb
calorimeter (IKA Calorimeter C4000 Adiabatic; IKA Ana-
lysetechnik, Grißheimerweg 5, D-79423, Heitersheim,
Germany). As a thermochemical standard, benzoic acid
was used (BHD Limited, Poole, Dorset, UK). The total
amount of energy that was lost as heat (heat production
or energy expenditure) was calculated with the formula:

Energy lost as heat ¼ energy in food – energy in
excreta – energy stored in body.

Energy stored in the body was determined as total
energy at the end of the 35 d feeding period minus the
energy in the body at the beginning of the 35 d feeding
period. The same procedure was used to calculate the
water, protein, fat and ash retention.

Statistical analysis

The data of the seven dietary groups were statistically ana-
lysed with a one-way ANOVA with diet as factor. When
ANOVA indicated a significant diet effect for a certain
variable, Dunnett’s t test was used to identify diets which
were different compared with the control. The SPSSw stat-
istical software package version 10.1 (Chicago, IL, USA)
was used for all the statistical analyses.

Results

Body weight and body composition

The mice fed the stearic acid diet tended to have the high-
est food intake (Table 3) whereas body-weight gain tended
to be the highest in the reference group. Fat deposition was
significantly lower and water deposition significantly
higher in the mice fed CLA when compared with the
other dietary groups (Table 3 and Fig. 1). As a conse-
quence, the amount and proportion of body fat were also
significantly lower in the CLA group compared with the
other groups whereas the amount and proportion of body
water was significantly higher. The deposition, amount
and proportion of body fat in the dietary groups other
than the CLA group were not significantly different. How-
ever among the non-CLA groups, the group fed linoleic
acid tended to have the highest deposition and amount of
body fat and the lowest deposition and amount of body
water. When the mice in all the groups were taken

together, there was a significant negative correlation
between the proportion of body water and the proportion
of body fat (r 20·986; P,0·01). Protein and ash depo-
sitions were not significantly different among all the var-
ious groups and the same was true for the amount and
proportion of body protein and ash.

Body composition was determined by measuring separ-
ately the amount of water, fat, protein and ash in the car-
casses. These four body components added up to about
98–99 % of the weight of the carcasses. The remainder
may partially represent losses but also accounts for the
amount of glycogen in the body, which was not measured
separately. The recoveries in the various groups were
similar.

Energy balance

The percentage of energy in the food that was stored in the
body was significantly lower in the CLA group compared
with the other groups. Essentially no energy was stored
in the CLA group. This low efficiency of energy storage
was reflected in a significantly lower total energy and fat
content of the body. The percentage of energy in the
food stored in the body was not significantly different
between the non-CLA groups. However, among the non-
CLA groups, the mice in the linoleic acid group tended
to have the highest percentage of energy in the food that
was stored in the body, which is in line with the high
amounts of body energy and body fat. When all the mice
were taken together, there was a positive correlation
between the proportion of body fat and the percentage of
energy in the food stored in the body and there was a nega-
tive correlation between the proportion of body fat and the
percentage of energy in the food expended as heat (Fig. 2).

The percentage of energy in the food that was eliminated
into the excreta was significantly higher in the stearic acid
group compared with the other groups. The other groups
were not significantly different, but the a-linolenic acid
group tended to have a higher percentage of energy in
the food eliminated in the excreta than did the other non-
stearic acid groups. Furthermore, higher percentages of
energy in the food eliminated in the excreta were predomi-
nantly the result of an increased energy excretion in the
form of fat and reflected differences in the apparent fat
digestibility. The stearic acid-fed mice had a significantly
lower apparent fat digestibility than all the other groups
and the g-linolenic acid group had a lower apparent fat
digestibility than the other non-stearic acid groups.

Energy expenditure was calculated as the difference
between the energy intake and the energy stored and elimi-
nated in the faeces. The highest relative energy expendi-
ture was calculated in the CLA-fed mice, but this effect
only reached statistical significance when compared with
the stearic acid group, which had the lowest relative
energy expenditure. This low energy expenditure in the
stearic acid group, however, was associated with a high
excretion of energy in the faeces. As a result, the energy
stored in the stearic acid group was, for instance, similar
to that in the oleic acid group which had a higher energy
expenditure but a lower energy excretion in the faeces
(Table 3 and Fig. 2).
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Discussion

We studied the effects of various C18 fatty acids on body
fat and energy metabolism. Incorporation of CLA in the
diet resulted by far in the lowest amount of body fat and
efficiency of energy storage compared with the other diet-
ary groups. This body fat-lowering effect of CLA has been
well documented in a large number of studies in mice
(West et al. 1998; Terpstra et al. 2002). However, in
those studies the lowering effect of CLA on body fat was
demonstrated when CLA was incorporated in the diet at
a level of 1 g/100 g diet. In the present study we found
that adding 4 g CLA/100 g diet resulted in a proportion
of body fat of about 5 %, which is similar to that reported
earlier by Terpstra et al. (2002). These findings suggest
that adding more than 1 g CLA/100 g diet does not further
lower body fat. The level of 5 % of body fat probably is the
minimum amount reflecting the structural lipids in the
body after all the fat depots are depleted.

The major changes in body composition due to feeding
CLA were a decrease in body fat and an increase in
body water. CLA feeding tended to increase the water:pro-
tein ratio in the body, indicating an increase in hydration of

the fat-free body mass. As mentioned earlier, CLA feeding
may have depleted all storage fat, including that in the lean
body mass. A decrease in cellular fat will increase cellular
water. If one assumes that the composition of the lean body
mass is constant and contains 73 % water, then the relation-
ship between the percentage of whole body fat and percen-
tage of whole body water can be described by the equation:

Percentage body fat ¼ 100 – (1/0·73) % body water, or
Percentage body fat ¼ –1·37 % body water þ 100 (Pace &
Rathbun, 1945).

The percentage water in the lean body mass, however,
may slightly differ in animal species (Kodama, 1971;
Sheng & Huggins, 1979; Rogers & Webb, 1980) and can
also be affected by the amount of whole body fat as seen
in the present study.

Linoleic acid was the only dietary variable that tended to
raise the amount of body fat and it could be speculated that

Fig. 2. Correlation between the percentage of body fat and the per-
centage of energy in the food stored in the body (a), expended as
heat (b), and lost in the faeces (c). When all the mice were taken
together, there was a positive correlation (y ¼ 0·3968x 22·1296; r
0·9487, P,0·001) between the proportion of body fat and the per-
centage of energy in the food stored in the body and a negative cor-
relation (y ¼ –0·4872x þ 95·6991; r 20·6164, P,0·001) between
the proportion of body fat and the percentage of energy in the food
expended as heat. (X), Control diet; (W), stearic acid diet; (B), oleic
acid diet; (A), linoleic acid diet; (D), conjugated linoleic acid diet;
(V), a-linolenic acid diet; (S), g-linolenic acid diet.

Fig. 1. Absolute whole-body composition (a) and relative whole-
body composition (b) of mice fed for 35 d high-fat semi-purified
diets varying at a 4 % level in different types of C18 fatty acids. The
composition of the mice that were killed at the beginning of the
experiment (pre-experimental group) is also given. Values are
means (n 12 per group). The results of the statistical analyses of
the data are given in Table 3. Statistical analysis (ANOVA) of the
data for relative whole-body composition showed that there was a
significant (P,0·05) effect of conjugated linoleic acid (CLA) on
body fat and body water. When ANOVA indicated a significant diet
effect, Dunnett’s t test was used to identify diets which were differ-
ent compared with the control on the variable involved. ( ), Fat;
(A), water; (p), protein; (B), ash.
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the high levels of linoleic acid in our diets have interfered
with the fat-lowering properties of CLA. However, as far
as we know, there is no evidence for an interaction, if
any, between linoleic acid and CLA. There were no signifi-
cant differences in body fat between the non-CLA groups,
but the mice fed the a-linolenic acid diet tended to have
the lowest amount of body fat and the linoleic acid group
the highest. Similar results have been found in other studies
with mice. Ikemoto et al. (1996) reported that feeding peri-
lla oil, rich in a-linolenic acid, resulted in a numerically
lower group mean amount of white adipose tissue than
did the feeding of safflower-seed oil, which is rich in lino-
leic acid. In addition, Takahashi & Ide (2000) observed
that rats fed perilla oil had a significantly lower percentage
of epididymal and peri-renal fat than rats fed safflower-
seed oil. There are, however, also studies in mice
(Hamura & Kudo, 2001) and rats (Hill et al. 1993; Takeu-
chi et al. 1995) that did not show such a differential effect
on body fat of perilla or linseed oil, both of which are rich
in a-linolenic acid v. safflower-seed oil or maize oil, which
are rich in linoleic acid.

The mice fed g-linolenic acid tended to have the second
lowest amount of body fat among the non-CLA groups.
Takada et al. (1994) reported that rats fed oil extracted
from fungi containing 25 % g-linolenic acid had a signifi-
cantly lower proportion of body fat than rats fed soyabean
oil containing 53 % linoleic acid. In addition, the rats fed
on the diet rich in g-linolenic acid had a higher activity
of carnitine palmitoyl transferase, an enzyme involved in
fatty acid oxidation. The studies of Takahashi et al.
(2000) similarly showed that rats fed borage oil, which is
rich in g-linolenic acid, had a significantly lower amount
of epididymal and peri-renal fat than rats fed safflower-
seed oil. Further, Phinney et al. (1993) observed in obese
Zucker rats, but not their lean counterparts, that feeding
blackcurrant oil containing 70 % g-linolenic acid resulted
in a significantly lower percentage of body fat than did
feeding soyabean oil containing 55 % linoleic acid.

The tendency towards differences in body fat in the
mice fed the various C18 fatty acids may be related to
differences in the rate of oxidation of these fatty acids.
Studies in human subjects (DeLany et al. 2000) indicated
that the rate of oxidation of SFA increased with decreas-
ing chain length and that the rate of oxidation of the
C18 fatty acids was positively correlated with the
number of double bonds. Similarly, in vitro studies indi-
cated that the order of the maximum rate of oxidation
was linoleate .oleate .stearate (Björntorp, 1968).
Other studies in human subjects showed that the order
of the rate of oxidation was oleate . linoleate .stearate
(Jones et al. 1985a) and studies in rats showed that the
oxidation rate was in the order of a-linoleate . oleate
. linoleate . stearate. Whole-body fatty acid balance
analysis in rats showed that 75·5 % of the linoleic acid
consumed was oxidised and 18·75 % was stored whereas
84·9 % of the a-linolenic acid was oxidised and 10·9 %
was stored (Cunnane & Anderson, 1996). Further, Kabir
& Ide (1996) reported that feeding rats on diets with lin-
seed or perilla oil, which are rich in a-linolenic acid,
resulted in an increased fatty acid oxidation in the liver
compared with feeding a diet with safflower-seed oil

which is rich in linoleic acid. However, studies of Jones
(1994) indicated that a-linolenic, linoleic and oleic acid
were oxidised at similar rates in rats fed a diet containing
these fatty acids in equal proportions. Thus, most of the
studies suggest that a-linolenic acid has the highest oxi-
dation rate among the C18 fatty acids, or at least results
in the highest oxidation rate of fatty acids, which may
explain the low amount of body fat in the a-linolenic
acid-fed mice in the present study. Furthermore, the litera-
ture data suggest that stearic acid may have the lowest rate
of oxidation, but the results for the other C18 fatty acids
are not consistent. The oxidation rates of various fatty
acids have also been discussed extensively by Jones
(1994).

The effect of a dietary fatty acid on body fat and energy
metabolism may also be associated with the capacity of a
fatty acid to be stored and mobilised. There are indications
that a-linolenic and oleic acid are less efficiently stored in
the adipose tissue than linoleic and stearic acids (Lin et al.
1993; Yeom et al. 2002) and that the rate of mobilisation
from the adipose tissue is higher for a-linolenic acid than
for linoleic acid (Raclot et al. 1997). A lower storage
capacity and a higher mobilisation rate of a fatty acid
may result in a higher oxidation rate.

The effect of fatty acids on body fat and energy metab-
olism may be due to differences in the rate of oxidation of
the fatty acids per se, but there is also evidence that fatty
acids may influence the transcription of genes involved
in fat metabolism. In particular, the n-3 family of PUFA
appear to have the ability to enhance thermogenesis and
to reduce body-fat deposition (Clarke, 2000). These fatty
acids may act as ligands for transcription factors and up
regulate the transcription of mitochondrial uncoupling pro-
teins, which results in less energy deposition and more
energy dissipation. Furthermore, they may induce genes
encoding proteins involved in fatty acid oxidation while
simultaneously down regulating the transcription of genes
encoding proteins involved in lipid synthesis.

Apparent fat digestibility was considerably lower in the
mice fed the stearic acid diet than in the mice in the other
groups. Studies in rats (Carroll, 1958; Carroll & Richards,
1958) also showed that stearic acid fed as non-esterified
fatty acid or as triacylglycerol is poorly absorbed compared
with oleic acid. Similarly, studies in human subjects with
stable-isotope-labelled fatty acids (Jones et al. 1985b) indi-
cated that the absorption of stearic acid (78 %) was con-
siderably lower than the absorption of oleic and linoleic
acid (98–99·9 %). The absorption of stearic acid is also
affected by the position of stearic acid in the triacylgly-
cerol molecule; stearic acid is better absorbed when it is
positioned in the sn-2 position than in the 1, 3 position
of the triacylglycerol molecule (Bracco, 1994).

Thus, the results of the present study indicate that the
type of fatty acid in the diet may affect body fat and
energy metabolism. Incorporation of CLA in the diets
resulted in significantly lower body fat than the other
C18 fatty acids. Body fat of the non-CLA groups did not
significantly differ, but the a-linolenic acid-fed mice
tended to have the lowest amount of body fat and the
mice in the linoleic acid group tended to have the highest
amount of body fat. Further studies with larger inclusion
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levels of specific fatty acids should be done to define more
clearly their effects on energy metabolism.
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