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The effects of specific nutritional factors on ghrelin secretion
have not been investigated in humans. Therefore, we assessed
ghrelin responses to a high-carbohydrate meal (1217 kcal with
77% carbohydrates, 10% protein, and 13% lipids) and to an
isocaloric high-fat meal (15% carbohydrates, 10% proteins,
and 75% lipids) in 14 nonobese healthy women. Eleven sub-
jects also rated their hunger feelings on visual analog scales.
Circulating ghrelin abruptly fell after both meals, but, after
the carbohydrate meal, its maximum percent decrease was
significantly greater than after the fat meal (P = 0.02). Plasma
insulin and glucose levels rose after the meals, but their in-

creases were significantly higher after the carbohydrate meal
than after the fat meal. No significant change was observed in
circulating leptin after both meals. Moreover, compared with
the fat meal, the carbohydrate meal had a significantly
greater suppressant effect on hunger feelings. Plasma ghrelin
changes were significantly associated with hunger changes
(P < 0.007). These findings show that circulating ghrelin is
differently suppressed by diet manipulations. The mecha-
nisms responsible for such a phenomenon and its possible
implication in the physiology of human satiety remain to be
elucidated. (J Clin Endocrinol Metab 88: 5510-5514, 2003)

HRELIN IS A recently identified peripheral peptide
produced by enteroendocrine cells within the muco-
sal epithelial layer of the stomach. It was initially character-
ized as an endogenous ligand for the GH secretagogue re-
ceptor and, similarly to synthetic agonists of this receptor,
stimulates pituitary GH release in both rats and humans
(1-3). However, besides potent GH-releasing actions, ghrelin
has other remarkable activities, including stimulation of lac-
totroph and corticotroph secretion, influence on sleep, con-
trol of gastric motility and acid secretion, cardiovascular
effects, antiproliferative actions on neoplastic cell lines, and
orectic activity coupled with control of energy balance (4).
Recent studies suggest that this peptide may provide a
peripheral signal to the central nervous system to stimulate
food intake and increase adiposity in both rats and humans.
In rodents, intracerebroventricular or peripheral adminis-
tration of ghrelin induces food intake, increases hypotha-
lamic expression of neuropeptide Y (NPY) (a potent stimu-
lator of feeding) and causes weight gain (5-8). Similarly, in
humans, iv administration of ghrelin enhances appetite and
increases food consumption (9). The ghrelin’s effects on food
intake are independent of GH secretion and appear to be
mediated via either the agouti-related protein and the mela-
nocortin receptor pathways and the activation of the hypo-
thalamic NPY /NPY-1 receptor pathway. In particular, it has
been shown that, in the rat, the satiety-reducing effect of
ghrelin is related to the antagonism of the inhibitory effect of
the adipocyte-derived hormone leptin on hypothalamic NPY
production (6). This raises the possibility that ghrelin and
leptin are part of a peripheral dynamic feedback system that
regulates body weight (BW) and energy homeostasis by
modulating satiety.

Abbreviations: BW, Body weight; CV, coefficients of variation; Amax,
maximum changes; NPY, neuropeptide Y.

Evidence has been provided that plasma ghrelin levels are
influenced by acute and chronic changes in the energy bal-
ance. For instance, in rodents, plasma ghrelin levels increases
upon fasting and return to baseline after intragastric admin-
istration of nutrients (8). Similarly, in humans, plasma
ghrelin concentrations increase after fasting and decreases
after habitual feeding (9-12), suggesting that this peptide
reflects the acute nutritional state of the organism and may
also serve as an indicator of short-term energy imbalance.
Furthermore, it has been shown that plasma ghrelin rises
nearly 2-fold shortly before each meal and falls to minimum
levels within 1 h after eating, a profile that is consistent with
a physiological role of ghrelin in both initiating individual
meals and regulating their size (13).

Ingested nutrients are the most likely mediator of the rapid
postprandial fall in circulating ghrelin, although it is not yet
clear whether the presence of nutrients in the stomach and
in the gut or the metabolic response to food ingestion is the
major determinant of ghrelin fall after eating (14, 15). More-
over, no study has been performed to investigate whether the
ghrelin response to oral feeding is influenced by specific
nutritional factors. Therefore, the aim of the present study
was to test whether the macronutrient content of the meals
influence postprandial ghrelin secretion. To this purpose, we
assessed in healthy subjects the ghrelin responses to two
isoenergetic meals with different amounts of carbohydrates
and lipids but similar amounts of proteins. Plasma concen-
trations of glucose, insulin, and leptin were also measured
because these substances have been claimed to modulate
ghrelin secretion in response to food intake (16-18).

Subjects and Methods
Subjects

Fourteen women, with a mean (*sp) age of 24.5 (*£2.6) yr, were
recruited for the study. They menstruated regularly, had normal exercise
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and drinking habits, and a stable BW in the 6 months preceding the
study, without food restriction or dieting or other abnormal eating
behaviors, as ascertained by a clinical interview. Subjects with a body
mass index above 27 kg/ m?and/or antecedent of obesity were excluded
from the study. Their mean (*sp) BW and body mass index were 60.0
(+6.1) kg and 21.5 (= 1.8) kg/m?, respectively. All women were drug
free for at least 6 wk prior to entering the study, had normal physical
examinations, normal values of routine blood and urine tests, and a
normal electrocardiogram. None of them was taking oral contraceptives
or had a past history of alcohol or drug abuse.

Protocol

The experimental protocol was approved by the local ethical com-
mittee, and all subjects gave their written consent after being fully
informed of the nature and procedures of the study.

The experiment used a within-subject repeated measure design in
which each woman served as her own control. All subjects were tested
two times, 1 month apart, in the follicular phases of two consecutive
menstrual cycles (d 5-10 from menses). On the first occasion, they
arrived at our Clinical Investigation Unit at 0800 h after a 12-h fast. At
0815 h, they received a breakfast of 200 kcal, with 77% carbohydrates,
10% proteins, and 13% fat. At 1145 h, an iv catheter was inserted into an
antecubital vein and connected to a saline solution, which was slowly
infused to keep the catheter patent. At 1200 h, a lunch of 1217 kcal (with
77% carbohydrates, 10% proteins, and 13% fat) was served. Blood sam-
ples were drawn immediately before (time zero) and 45, 60, 90, 120, and
180 min after the lunch. On the second occasion, subjects underwent the
same experimental procedures already described but received a break-
fast of 200 kcal with 15% carbohydrates, 10% proteins, and 75% fat and
a lunch of 1217 kcal with 15% carbohydrates, 10% proteins, and 75% fat.
The order of the high-carbohydrate and high-fat meals was randomized.
Blood was collected in tubes with lithium heparin as anticoagulant.
Plasma was separated by centrifugation and stored at —20 C.

Eleven subjects rated their hunger on visual analog scales that used
a 10-cm line with labels at the extremities indicating the most negative
(not at all hungry) and the most positive (extremely hungry) ratings.
Subjects completed baseline ratings before the noon meal and then at the
scheduled time points of blood withdrawals.

Biochemical analyses

Plasma ghrelin was measured by a commercially available RIA (Phoe-
nix Pharmaceuticals, Mountain View, CA). The sensitivity of the method
was 1 pg/tube; intra- and interassay coefficients of variation (CV) were
less than 5.3 and 13.6%, respectively. Plasma insulin was determined by
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an immunoradiometric method, using a commercial kit purchased from
Biochem Immunosystem (Milan, Italy). The lower detection limit was 2.1
pmol/liter; intra- and interassay CV were 2.6 and 4.7%, respectively.
Plasma leptin values were determined by a sandwich ELISA, using a
commercial kit purchased from Alexis Biochemicals (Laufelfingen, Swit-
zerland). The sensitivity of the method was 0.2 ng/ml; the intra- and
interassay CV were 6.1 and 8.5%, respectively.

Plasma glucose was determined by a commercial enzymatic UV
method (Sigma Diagnostics, St. Louis, MO).

For each hormone, all of a single subject’s samples were run in the
same assay, and the order of tubes in the assay was randomized.

Statistics

The BMDP statistical software package (University of California,
Berkeley, CA) (19) was used for data analysis.

Differences in both the hormone and hunger responses to the two
isoenergetic meals were analyzed by two-way ANOVA with repeated
measures, followed by the post hoc Tukey’s test. One-way ANOVA and
analysis of covariance were employed to analyze differences in the
maximum decreases in plasma ghrelin after the two test meals. The
Pearson’s product moment correlation test was employed to analyze
possible correlations among the variables. A stepwise multiple regres-
sion was used to test the effects of biochemical indices on the variability
of hunger feelings after the two meals. A level of significance of P < 0.05
was used for all data analyses.

Results
Plasma ghrelin

The meal X time repeated measures ANOVA yielded a
significant main effect for time (Fs ;50 = 13.04; P < 0.0001) and
a significant meal X time interaction (F5 15, = 2.88; P = 0.01).
These data indicate that circulating ghrelin changed signif-
icantly across sampling times and significantly differed over
the samplings after the two test meals. Indeed, mean plasma
ghrelin levels significantly dropped after both meals, but the
drop after the carbohydrate meal was greater than that ob-
served after the fat meal (Fig. 1, left panel). In each subject,
when the lowest value of plasma ghrelin observed at any
time point after meal consumption was expressed as a per-
centage of the preprandial (time zero) value (maximum post-
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F1c. 1. Plasma ghrelin responses to a high-carbohydrate or a high-fat meal in healthy women. Left panel, Absolute values; right panel, maximum
percentage of changes from preprandial values. Data are expressed as mean = SEM. *, P < 0.02 vs. hyperlipidic meal (post hoc Tukey’s test).
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prandial decrease), one-way ANOVA showed that the mean
maximum percent decrease in plasma ghrelin after a carbo-
hydrate meal was significantly greater than after a fat meal
(63.0 = 9.3 vs. 49.7 + 18.4%; F, ,, = 5.774; P = 0.02) (Fig. 1,
right panel). This difference was not affected by preprandial
values of plasma ghrelin, as ascertained by the analysis of
covariance (F,,5 = 4.68; P = 0.04).

Plasma leptin

The meal X time repeated measures ANOVA yielded a
slight significant effect for time (Fs5,5, = 2.38; P = 0.04) but
no significant meal X time interaction (Fs ;50 = 0.69; P = 0.6).
These data indicate that circulating leptin did not change
significantly across sampling times after the two different
meals (Fig. 2, upper panel).

Plasma insulin

Data concerning circulating insulin in four subjects after
the fat meal were not available because of technical
drawbacks.

The meal X time repeated measures ANOVA yielded a
significant effect for time (F5 1,9 = 23.33; P < 0.0001) for meal
(Fi = 12.66; P < 0.002) and a significant meal X time
interaction (Fs 1,0 = 3.80; P = 0.003). These data indicate that
circulating insulin changed significantly across sampling
times and that, in the two test conditions, they displayed
significant differences over the samplings. In fact, plasma
insulin levels promptly increased after both types of meals
and, at the end of the study period, were still higher than
preprandial values. However, after the carbohydrate meal,
circulating insulin was significantly higher than after the fat
meal at all the time points (Fig. 2, middle panel).

Plasma glucose

The meal X time repeated measures ANOVA yielded a
significant effect for time (Fs5 13, = 14.65; P < 0.0001) and for
meal (F; 5, = 7.65; P = 0.01) but no significant meal X time
interaction (F5, 139 = 1.53; P = 0.1). These data indicate that
circulating glucose showed similar changes across sampling
times after the two different meals, but the magnitude of
these changes statistically differed. In fact, in both conditions,
plasma glucose levels promptly increased after the meal and
then returned to preprandial values at the end of the study
period. However, after the carbohydrate meal, circulating
glucose was significantly higher than after the fat meal at 45-,
60-, and 90-min time points (Fig. 2, bottom panel).

Hunger

The meal X time repeated measures ANOVA yielded a
significant main effect for time (Fs ;40 = 22.83; P < 0.0001) and
a significant meal X time interaction (F5 1o, = 3.18; P = 0.01).
These data indicate that hunger changed significantly across
the time and significantly differed over time in the two test
conditions. Indeed, hunger ratings significantly decreased
after both meals; however, 120 min after the fat meal, they
already returned to baseline values, whereas after the car-
bohydrate meal, they were still significantly decreased at the
end of the observation period (Fig 3).
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Fic. 2. Plasma leptin (top panel), insulin (middle panel) and glucose
(bottom panel) responses to a high-carbohydrate or a high-fat meal in
healthy women. Data are expressed as mean + SEM. *, P < 0.001; **,
P < 0.05; #%* P <0.005; §, P <0.01; #, P < 0.02 vs. hyperlipidic meal
(post hoc Tukey’s test).

Correlations

The areas under the curve from time zero to 180 min were
calculated for leptin, glucose, and insulin. The Pearson’s
correlation test did not show any significant correlation be-
tween the area under the curve of leptin, glucose, or insulin
and the maximum percent decreases in circulating ghrelin
after both carbohydrate and fat meals.

To assess whether hunger was related to circulating gh-
relin, glucose, or insulin, maximum changes (Amax) from
baseline values in both hunger scores, plasma ghrelin, insu-
lin, and glucose levels were calculated for each subject in
each experimental condition, and a stepwise multiple re-
gression with Amax hunger as the dependent variable and
Amax ghrelin, insulin, and glucose as independent variables
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Fic. 3. Ratings of hunger according to time after the ingestion of a
high-carbohydrate or a high-fat meal in healthy women. Data are
expressed as mean * SEM. *, P < 0.02 vs. hyperglicidic meal (post hoc
Tukey’s test).

was run. Plasma ghrelin changes were significantly associ-
ated with hunger changes (F, ,, = 16.73; P < 0.007; R* = 0.45).
After removing this effect, no further significant associations
emerged between hunger Amax and both insulin and glucose
Amax.

Discussion

This study was designed to test whether meals differing in
their macronutrient composition but with similar energy
amounts differently affect postprandial ghrelin secretion in
nonobese healthy women. The major findings were: 1) a
carbohydrate meal induced greater postprandial suppres-
sions in circulating ghrelin and hunger feelings than an
isoenergetic fat meal; 2) the ghrelin response to both fat and
carbohydrate meal was not correlated to physiological post-
prandial changes in circulating leptin, insulin, and glucose;
and 3) a significant positive association occurred between
postprandial changes in circulating ghrelin and hunger
sensation.

In line with previous studies (10, 11, 20), present findings
show that circulating ghrelin considerably falls after the in-
gestion of food, supporting a role for this peptide as a pe-
ripheral sensor of short-term positive energy imbalance.
Moreover, they provide evidence that the postprandial fall of
plasma ghrelin concentrations is higher after the consump-
tion of a carbohydrate meal than after the ingestion of an
isoenergetic fat meal. Consistent with our results, Weigle et
al. (21) very recently reported that, in healthy individuals,
absolute and percent meal-induced decreases of plasma
ghrelin concentrations were higher during a 2-wk high-
carbohydrate diet than during a 2-wk isocaloric moderate-fat
diet. Therefore, these data altogether support the view that
the nutrient composition of the diet influences circulating
ghrelin levels in healthy subjects.

It has been suggested that the metabolic response to food
ingestion, in terms of glucose and insulin changes, is the
major determinant of the food-induced ghrelin suppression,
because both glucose and insulin have a suppressant action
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on plasma ghrelin levels (13, 16, 17). Although in our study
plasma glucose and insulin concentrations were higher after
carbohydrate ingestion than after the fat meal, suggesting
stronger suppressant signals for ghrelin in the first condition,
we could not detect any significant relationship between the
ghrelin responses (expressed as the maximum percent de-
creases from preprandial values) and both glucose and in-
sulin modifications in the two test conditions. These findings
are not in line with those of a previous study showing a
positive correlation between postprandial changes of circu-
lating ghrelin and the output of serum glucose (15). How-
ever, that investigation is not fully comparable to our study
because of differences in the meal composition, the total
amount of ingested calories, the gender of subjects, and the
timing of blood sampling.

Moreover, it has been shown that the immediate suppres-
sant effect of oral food on circulating ghrelin in humans
cannot be reproduced by the combined iv and sc adminis-
tration of glucose and insulin (15) or by iv administration of
lipids (22), or by simple stomach expansion, as obtained by
oral water load (14), whereas it can be induced by nonnu-
tritive fiber ingestion (23) or by euglycemic hyperinsulin-
emia (22). All these data point to the uncertainty as to
whether the true cause of meal-induced ghrelin suppression
is the metabolic response, mechanical factors, the actual pres-
ence of nutrients in the gut, the food-induced taste stimu-
lation, or the release of enteric hormones other than those
investigated in this study. As a consequence, at present, it is
not possible to define the precise mechanisms responsible for
the reported different suppressant action of the high-carbo-
hydrate and of the high-fat meal on circulating ghrelin in
healthy women.

We also found that, as compared with a fat meal, the
carbohydrate meal had a greater suppressing effect on the
subjective hunger sensation. This is in line with the reported
demonstration that oral carbohydrates have a greater sati-
ating effect than lipids (24, 25). Moreover, in our subjects, we
detected a significant association between meal-induced
changes in plasma ghrelin and hunger feelings, with changes
in plasma ghrelin being able to explain the 45% of the vari-
ance of hunger sensation. This finding seems to support the
idea that circulating ghrelin, through its differential re-
sponses to diet manipulations, could be one of the factors
involved in the mediation of the diverse satiating power of
nutrients. However, in our experimental design, the subjects
were not blind to the time of the day; therefore, we cannot
exclude that appetite scores recorded on visual analog scales
were determined as much by the passage of time as by
plasma ghrelin levels. Further studies need to address this
issue.

Some limitations of this study need to be discussed. First
of all, we included only female subjects; hence, gender dif-
ferences in the ghrelin responses to diet manipulations could
have been missed. Secondly, we had no “sham-feeding”
control condition, so we cannot exclude that the decrease of
ghrelin after the meals may be due to the effects of a diurnal
rhythm rather than the actual ingestion of nutrients. How-
ever, in our experimental design, each woman served as her
own control, so it seems unlikely that the different decrease
in circulating ghrelin observed after the two test meals could
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be linked exclusively to diurnal oscillations of the hormone
levels. Moreover, the validity of self-reporting visual analog
scales in rating hunger sensation has been questioned. It
cannot be automatically assumed that changes in self-re-
ported hunger ratings actually reflect a decrease or increase
in hunger, because factors other than the hunger sensation,
such as the palatability of food or feelings of nausea, may
influence this rating. Finally, we limited our observation to
the third hour after the food ingestion, when circulating
ghrelin still appears to be decreasing; therefore, we cannot
exclude that ghrelin suppression after the high-fat meal
could have been greater if the observation period had been
longer.

In conclusion, we demonstrated that, in humans, circu-
lating ghrelin is affected by the nutrient composition of the
diet, because its decrease after a high-carbohydrate meal is
greater than after a high-fat meal. The mechanisms respon-
sible for such a phenomenon and its possible implication in
the physiology of satiety remain to be determined.
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