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The aim of the study was to provoke cephalic and metabolic responses by oral fat stimulation with different high-fat meals in the postprandial

state. A randomized parallel design was executed with three groups of subjects (twenty-six women and ten men; twelve subjects per group).

Oral fat stimulation was achieved by the modified sham feeding (MSF) technique. Five hours after a high-fat breakfast, the subjects were

given one of three test meals in random order: a high-fat lunch, water or the same lunch as the MSF. The main fat sources in the high-fat

lunch and MSF were olive oil, linoleic oil and oleic oil. For 3 h after the test meal, blood samples were taken for analysis of metabolite, and

visual analogue scales of appetite profile were completed. A cephalic response appeared to be achieved by MSF in that we observed a relative

increase in insulin and glucose; this response lasted up until 90min, indicating possible vagal stimulation. NEFA increased significantly after

MSF compared with water ingestion in the case of olive oil (P,0·0001) and linoleic oil (P,0·05), but not with oleic oil. MSF provoked a sig-

nificantly higher increase in triacylglycerol and glycerol levels compared with water ingestion in the case of linoleic oil (P,0·05). Satiety was

significantly increased in the eating condition and in the MSF condition (P,0·0002, all oils) compared with water ingestion. We conclude

that cephalic and perhaps vagal stimulation by different fats increased the concentrations of the metabolites and stimulated satiety, with linoleic

oil showing the strongest response.

Fat perception: Cephalic response: Satiety

Obesity and related disorders such as the metabolic syndrome
are rapidly growing nutrition-related diseases worldwide
(James et al. 2004). Metabolic targets for improving body-
weight management are, among others, satiety and substrate
metabolism. With regard to satiety, it is interesting to see
that cephalic, enteric and intestinal phase responses follow
nutrient intake. Some of these reactions may even start
before the actual ingestion of food, whereas other reactions
may last for hours in the postprandial period (Rasmussen
et al. 1990; Strubbe, 1992; Konturek et al. 2003). The thought,
sight, smell and taste of food may initiate cephalic responses,
which influence the absorption and utilization of nutrients
through vagal cholinergic activity (Naim et al. 1978;
Hopman et al. 1987). Vagal responses may have long-lasting
effects on metabolism as they have been suggested to be
involved in the improvement of postprandial glucose tolerance
and satiety and the elevation of postprandial lipaemia after a
gastric fat load (Robertson et al. 2001).

Until now, few studies have examined the effects of the oral
stimuli that occur before and during food ingestion, especially
fat ingestion, on postprandial or postabsorptive metabolism.
High-fat foods are not simply rich in energy, but are also
perceived as more palatable in general (Drewnowski, 1995,
1997). Important indicators of whether fat is present in a
food are texture and odour (Rolls et al. 1999). Schemmel
and co-workers observed a ‘taste for fat’ in specific rat strains

by discovering an inverse relationship between the perception
of NEFA and dietary preferences for fat. When placed on a
high-fat diet, fat-preferring rats became obese whereas fat-
avoiding rats stayed lean (Schemmel et al. 1970).

Further investigations by Gilbertson and co-workers
revealed a dose-dependent detection of low concentrations
of NEFA (linoleic acid) by an inhibition of delayed rectifying
Kþ channels in the taste receptor cells of rats, causing an
increase in activity of these cells (Gilbertson et al. 1997).
Human subjects are able to detect linoleic acid in these low
concentrations as well (Kamphuis et al. 2003). Experiments
using oral stimulation may shed some light on the conse-
quences of vagal stimulation with fat.

Previous oral stimulation experiments using the modified
sham feeding (MSF) technique have revealed effects on
metabolites, hormones and satiety. Mattes and co-workers
(Mattes, 1996, 2001a, b, 2002; Tittelbach & Mattes, 2001,
2002) found that oral stimulation after a gastric fat load
resulted in a higher plasma triacylglycerol level. Robertson’s
group (Robertson et al. 1999, 2000, 2002; Jackson et al.
2000, 2001) performed oral stimulation experiments in the
postprandial phase in which they observed a sustained sup-
pression of plasma NEFA. In the experiments of Heath et al.
(2004), oral stimulation 1 h before a fat load resulted in a
further decline of ghrelin levels, which was interpreted as a
decrease in hunger.
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The aim of the present studywas to further assess cephalic and
metabolic responses using vagal stimulation in the postprandial
state. We investigated cephalic and metabolic responses (i.e.
metabolites and satiety) to oral stimulation using three different
high-fat meals, which were rich in one of three oils: (1) olive oil,
(2) an oil rich in linoleic acid or (iii) an oil rich in oleic acid, in the
postprandial phase. The design consisted of a high-fat meal fol-
lowing a high-fat breakfast. Previous oral stimulation exper-
iments have shown effects of MSF using high-fat meals in the
postprandial period (Robertson et al. 2001, 2002). In contrast
to the MSF meals in previous studies, the MSFmeals in the cur-
rent study contained very little carbohydrate and protein, which
allows us to look particularly at the effects of fat. The three
different oils (olive oil, linoleic acid and oleic acid) were used
to assess the effects of MUFA and PUFA. Olive oil was
chosen because of its possible effects on triacylglycerol-rich
chylomicron particles (Jackson et al. 2002), and linoleic acid
because it is believed that it can be specifically perceived, with
oleic acid as its control (Schemmel et al. 1970; Gilbertson
et al. 1997).

Subjects and methods

Subjects

Thirty-six subjects (twenty-six women: BMI 22·4 (SD 1·8) kg/
m2, age 29·9 (SD 13·6) kg/m2 years; ten men: BMI 23·1 (SD
2·0) kg/m2, age 30·6 (SD 12·6) kg/m2 years; twelve subjects
per group) were studied on three occasions, in a series of
experiments with one type of fat. The subjects were divided
into three treatment groups (Table 1). The subjects were
selected on the basis of age, height, weight, BMI and
restrained eating score on the Three Factor Eating Question-
naire (Stunkard & Messick, 1985). All subjects were healthy,
not taking medication, non-smokers and not dieting. All sub-
jects gave written informed consent, and the study was
approved by the Maastricht University Ethics Committee.

Study protocol

A randomized parallel design was executed with three groups.
On the day before each study day, subjects consumed at home
a low-fat evening meal (15% energy derived from fat), which
was provided by us. Before breakfast on the test day, the sub-
jects were asked whether they had consumed the low-fat eve-
ning meal the previous evening. On each test day, subjects
consumed breakfast at 08.00 hours; this consisted of two crois-
sants with butter and Brie cheese, and a cup of chocolate milk.
Five hours after the high-fat breakfast, the subjects were given

one of three test meals in randomized order: a high-fat lunch,
water or the same lunch as MSF.

The macronutrient compositions of the meals are specified
in Table 2. The main fat sources of the lunch in the three
different treatments were olive oil, an oil rich in linoleic
acid (Becel; Unilever, Vlaardingen, The Netherlands) and an
oil rich in oleic acid (Hozol oil; Contined BV, Bennekom,
The Netherlands), respectively. For the olive oil treatment,
the lunch consisted of a salad and whipped cream with
orange-flavoured energy-free lemonade syrup (Cereal
Diaran; Novartis Consumer Health BV, Breda, The Nether-
lands). In the olive oil treatment group, we used whipped
cream because we expected the cream would give an optimal
oral fat exposure. In the linoleic acid and oleic acid treatment
groups, the lunch consisted of a soup and a salad, in order to
simplify the manipulation with the type of fat. Blood samples
were taken from the antecubital vein just before and 15, 30,
60, 90 and 120min after the lunch.

At the start of the lunch meal, subjects were asked to fill in
100mm visual analogue scales (VAS) on their feelings of
hunger, fullness, appetite, satiety, thirst, prospective food con-
sumption, desire to eat and palatability of each course.
Additionally, subjects were asked to fill in 100mm VAS at
six different time points after the lunch on their feelings of
hunger, fullness, appetite, satiety, thirst, prospective food con-
sumption and desire to eat. The scale ranged from ‘not at all’
on the left to ‘extremely’ on the right.

Modified sham feeding

In the MSF condition, the subjects were presented with the test
meal and were instructed to chew the food until the point at
which they would normally swallow and then to expectorate
the food into a plastic cup. They were continually instructed
not to swallow any food. The subjects repeated the procedure
until the meal had been fed completely (15–20min). The
weights of each meal were measured before and after MSF.

Blood collection and analytical methods

Blood samples were collected in tubes containing EDTA to
prevent clotting. Plasma was obtained by centrifugation
(48C, 3000 rpm, 10min) and stored at 2208C until analysis
of glucose by a hexokinase method (ABX Diagnostics, Mont-
pellier, France), insulin (RIA kit; Linco Research, St Charles,
MO, USA) NEFA (NEFA C-kit Wako 994-75 409; Sopar
Biochemicals, Koekelberg, Belgium), triacylglycerol
(GPO-trinder 337; Sigma Diagnostics Inc., St Louis, MO,
USA) and glycerol by a glycerolkinase-lipase method (Boeh-
ringer, Mannheim, Germany) using a semi-automated

Table 1. Characteristics of the subjects

(Means and their standard deviations)

Olive oil Oleic Linoleic

Mean SD Mean SD Mean SD

n 12 12 12
Women 8 9 9
Men 4 3 3
Age 44·3 10·8 23·1 7·1 22·8 6·8
BMI (kg/m2) 23·6 2·4 22·6 1·3 21·7 1·1

Table 2. Composition of the meals

Weight
(g)

Energy
(kJ)

Protein
(g)

Fat
(g)

Carbohydrates
(g)

Evening meal 475 2290 19 9·5 95
Breakfast 355 3656 23·3 59·4 61·35
Lunch olive oil 285 1446·3 2·9 35·7 4·3
Lunch oleic 443 1461·3 3·7 33·0 9·8
Lunch linoleic 443 1461·3 3·7 33·0 9·8
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centrifugal spectrophometer (Cobas Fara; Roche Diagnostics
Basel, Switzerland).

Statistical analysis

All data are presented as means and standard deviations or
means with their standard errors. Areas under the curve
(AUC) of the percentage change in concentration over
120min were calculated using the trapezoid method. The
three conditions (water, MSF and eating) were compared
within each treatment group (olive oil, oil rich in linoleic
acid and oil rich in oleic acid) in terms of the postprandial
metabolite responses, hormone responses and VAS scores by
using repeated-measures ANOVA. Differences between the
oleic acid treatment group and the linoleic acid treatment
group in terms of the postprandial metabolite responses, hor-
mone responses and VAS scores were analysed using factorial
ANOVA. Post hoc analysis was carried out with a Scheffe
F-test or a Fisher PLSD test. All of the statistical analyses
were made with Statview SE Graphics software (version 4.5;
Abacus Concepts Inc, Berkeley, CA, USA), and the criterion
for significance was set at P,0·05.

Results

Subjects

The subjects in the three groups were all selected based on the
same criteria. The subjects in the olive oil group were, how-
ever, significantly (P,0·0001) older than those in the two
other groups.

Palatability of the lunches

The subjects rated their lunch, which was completely new to
them, as sufficiently and similarly palatable (olive oil treatment
group 5·9 (SEM 1·6) cm; linoleic acid treatment group 6·2
(SEM 1·7) cm; oleic acid treatment group 6·3 (SEM 1·7) cm).

Expectorated meals

The weights of the MSF meal before and after chewing were
compared; this yielded a mean recovery rate of 99·8 (SEM
2·58) %. The recovery rates from the MSF meal in the olive
oil, linoleic acid oil and oleic acid oil groups were not signifi-
cantly different.

Blood samples

An overview of the results of the blood analyses calculated as
AUC delta % is given in Table 3.

Glucose. We observed an increase in glucose concentration
with oleic acid over the period 15–90min (calculated as AUC
delta %) after MSF and after eating compared with the water
condition (P,0·0001; Fig. 1). In the olive oil and linoleic acid
treatment groups, we observed a significant increase in glucose
concentrations after eating compared with the MSF and water
conditions, but no significant difference between the MSF and
water conditions (P,0·001; data not shown).

Insulin. Insulin concentrations (calculated as AUC
delta %) increased significantly more after MSF compared T
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with the water condition, and after eating compared with the
water condition in the case of linoleic acid (P,0·0001;
Fig. 2). In the oleic acid treatment group, insulin concen-
trations increased significantly more after eating compared
with the MSF and water conditions (P,0·0004). We
observed no significant differences in insulin concentrations
after the MSF condition compared with the water condition
in the oleic acid treatment group. Insulin concentrations
after all conditions (MSF, eating and water) were not sig-
nificantly different in the olive oil treatment group (data
not shown).

Non-esterified fatty acids. NEFA increased significantly
(calculated as AUC delta %) after MSF compared with the
water condition, and after eating compared with the water con-
dition, in the case of olive oil (P,0·0001; Fig. 3). NEFA
increased significantly after MSF compared with the water
condition in the case of linoleic acid (P,0·05; Fig. 4).
NEFA concentrations after all conditions (MSF, eating and
water) were not significantly different in the oleic acid treat-
ment group (data not shown).

Triacylglycerol and glycerol. MSF and eating provoked a
significantly higher increase in triacylglycerol concentrations
(calculated as AUC delta %) compared with the water
condition in the case of linoleic acid (P,0·05; Fig. 5).
The triacylglycerol concentrations following the eating
condition were significantly higher than the triacylglycerol
concentrations following the MSF and water condition in
the olive oil treatment group. In the oleic acid treatment
group, we observed no significant difference in triacylgly-
cerol concentrations after all conditions (data not shown).
Additionally, the increase in triacylglycerol concentrations
following MSF in the linoleic acid treatment group was sig-
nificantly different from the decline in triacylglycerol con-
centration following MSF in the oleic acid treatment
group (P,0·01).

Glycerol concentrations (calculated as AUC delta %)
increased significantly after MSF compared with the water con-
dition, in the case of linoleic acid (P,0·05; Fig. 6). The glycerol
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concentrations following the eating condition were significantly
different from the glycerol concentrations following the
MSF condition in the olive oil treatment group. In the oleic
acid treatment group, we observed no significant difference in
glycerol concentrations after all conditions (data not shown).

Appetite profile

Satiety (calculated as AUC delta) was not only significantly
increased in the eating condition (P,0·0002, for all oils),
but also, albeit to a smaller extent, in the MSF condition
(P , 0·0002, for all oils) compared with the water condition
(Fig. 7).

Feelings of fullness (calculated as AUC delta) were signifi-
cantly increased in the eating condition (P,0·0001, for all
oils) and in the MSF condition compared with the water
condition in the linoleic acid (P,0·0001) and oleic acid
(P,0·0001) treatment groups. Hunger, appetite and desire to
eat (calculated as AUC delta) were significantly increased in
the eating condition (P,0·001, for all oils) and in the MSF
condition compared with the water condition in the linoleic
acid (P,0·001) and oleic acid (P,0·001) treatment groups
(data not shown).

Discussion

The oral fat stimulation by MSF of different fats, i.e. olive oil
and linoleic oil, appeared to increase the release of triacylgly-
cerol or NEFA. Moreover, feelings of satiety were increased
with MSF of all oils, compared with water ingestion.
This short increase in rated satiety following MSF is clearly
a sensory effect, as absorptive effects are absent (Blundell
et al. 1988). These effects on feelings of satiety following
MSF may be mediated by satiety-related metabolites and hor-
mones. Heath and co-workers observed increased feelings of
fullness over 5 h when a meal was preceded by MSF 1 h ear-
lier. This effect was accompanied by a sustained decline in
plasma ghrelin concentration following MSF (Heath et al.
2004). These findings suggest that increased oral exposure
may enhance satiety.
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acid, (b) oleic acid and (c) olive oil treatment. *After eating or MSF signifi-

cantly different from after water, P,0·0002 by repeated-measures ANOVA.

—A— MSF; —V— water; —W— eating.
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The duration of the effects we observed as increased glu-
cose and insulin concentrations indicate that not just a cepha-
lic response, but also vagal stimulation appeared to be
achieved by MSF (Ahren & Holst, 2001). Similar effects on
plasma glucose and insulin concentration following MSF
with saturated fat have been observed by Robertson et al.
(2001). It is not likely that the effects we observed in
plasma concentrations following MSF are produced by the
ingestion of food, as shown by the high total recovery of the
weights of the expectorated meals. Earlier oral stimulation
studies have shown that the amount of food that is accidentally
swallowed during MSF is only a few grams (Mattes, 1996,
2001a, 2002; Jackson et al. 2000, 2001; Tittelbach &
Mattes, 2001; Robertson et al. 2002; Heath et al. 2004).
In two treatments, i.e. with olive oil and linoleic acid, we

found that NEFA increased significantly after MSF compared
with the water condition (Figs. 3 and 4). With these treat-
ments, oral stimulation seems to increase the availability of
oxidizable metabolites, without the subject receiving any
exogenous nutrients. Previous studies using the MSF tech-
nique observed a sustained decline in plasma NEFA concen-
tration (Robertson et al. 1999, 2001; Heath et al. 2004). The
differences in the macronutrient compositions and fat sources
of the meals between our study and previous studies may
account for the difference in NEFA response. The meals we
used in our study contained less carbohydrates and more fat;
this may have affected the regulation of NEFA concentrations
indirectly through effects on insulin or glucagon, which are
both involved in lipolysis (Perea et al. 1995; Evans et al.
1999).
MSF provoked a significantly higher increase in triacylgly-

cerol compared with the water condition only with the linoleic
acid treatment. Because we observed this effect with the lino-
leic acid treatment, and to a smaller extent with the olive oil
treatment, but not with the oleic acid treatment, oral stimu-
lation with specific fatty acids may be required to induce a
rise in NEFA and triacylglycerol. Additionally, the individual
ability to detect specific fatty acids, in this case oleic acid and
linoleic acid, might play a role in the observed effects. A study
performed by Kamphuis & Westerterp-Plantenga (MM Kam-
phuis and MS Westerterp-Plantenga, unpublished results)
has shown that low concentrations of linoleic acid were
detected by a higher percentage of the subjects than the
same low concentrations of oleic acid. Thus, if a specific
fatty acid is not detected, it cannot provoke a response, as
may be the case in this experiment with oleic acid.
Postprandial studies in which sequential meals were used

show that when a second meal is ingested 4–6 h after the
first meal, there is a rapid appearance of chylomicrons in the
circulation, with a peak 1 h after the second meal. These chy-
lomicrons have been shown to carry fat ingested in the first
meal (Peel et al. 1993; Fielding et al. 1996; Evans et al.
1998). It has been suggested that a proportion of fat from
the first meal remains in the gut lumen or in the enterocyte
and enters the plasma pool after ingesting a second meal
(Jackson et al. 2002). Jackson et al. (2001) and Robertson
et al. (2001) observed no elevation of plasma triacylglycerol,
triacylglycerol-rich lipoprotein or triacylglycerol-rich
lipoprotein-retinyl ester concentrations when MSF with
either a low-fat or a moderate-fat meal was performed 5 h
after a high-fat breakfast. In a different study, Jackson et al.

(2002) observed that the ingestion of a high-fat breakfast pro-
duced a rapid peak in triacylglycerol, retinyl esters and apo B-
48 chylomicrons after a second meal that was very low (6 g) in
fat. These findings suggest that fat from the first meal is
released in preformed chylomicrons and that the observed
effects were not attributable to the second meal.

Further evidence for this ‘storage theory’ is supported by
the findings of Mattes’ group. They observed a release of
fats from the previous (evening) meal following MSF with
fat in combination with a fat load the next morning (Mattes,
2002). Previous experiments performed by Mattes and co-
workers. focused on lipid metabolism using MSF with differ-
ent dietary fats in combination with a fat load. The observed
effects on lipid metabolism from these studies imply a taste
component of dietary fats (Mattes, 1996, 2001a,b, 2002;
Tittelbach & Mattes, 2001). More recent experiments have
observed increased plasma triacylglycerol concentrations
when MSF was performed 1 h before a meal (Robertson
et al. 2002; Heath et al. 2004).

In summary, it appears that the metabolic effects observed
after the consumption of high-fat foodstuffs is at least partly
influenced by the oral exposure to fats and the preceding
meal. However, the mechanisms behind these effects still
need to be clarified.

Because the subjects in the olive oil treatment group were sig-
nificantly older than those in the oleic acid and the linoleic acid
treatment groups, a comparison of the results of the olive oil
treatment group with those of the other groups is not completely
justified. Age-related changes in body composition and metab-
olism may have contributed to the absence of significant differ-
ences in insulin concentration across the three conditions (water,
MSF and eating) in the olive oil group, and the higher responses
(expressed as % change) in NEFA and triacylglycerol in the
olive oil group compared with the other two groups, as they
are thought to contribute to a deterioration in insulin action
and blood lipid profile (Kissebah et al. 1976; Kohrt et al.
1993; Vessby et al. 1994; Kelley et al. 1999; Kelley, 2002).

The significance of MSF with fats lies in the possible
relationship between sensory perception and metabolic effects.
Here, we showed that simply perception, without swallowing,
evoked the appearance of metabolites and satiety. The
increase in satiety was probably due to the increase in metab-
olites and hormones concomitant with the development of
satiety (Woods, 2004). This study not only confirmed the
observations reported by Robertson’s group (Robertson et al.
1999, 2000, 2001, 2002; Jackson et al. 2000, 2001; Heath
et al. 2004) and that of Mattes (Mattes, 1996, 2001a,b,
2002; Tittelbach & Mattes, 2001, 2002), but also extended
their findings to other fats, i.e. oil rich in linoleic acid, oil
rich in oleic acid and olive oil, showing differences that
depended on the type of fat and, moreover, showing effects
on satiety. Further experiments should shed light on hormones
involved in satiety to assess the mechanism of satiety and
possible effects on substrate oxidation and thermogenesis.
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