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2003.—Ghrelin is an orexigenic hormone that is implicated in meal
initiation, in part because circulating levels rise before meals. Because
previous human studies have examined subjects fed on known sched-
ules, the observed preprandia ghrelin increases could have been a
secondary consequence of meal anticipation. A causa role for ghrelin
in meal initiation would be better supported if preprandia increases
occurred before spontaneously initiated meals not prompted by exter-
nal cues. We measured plasma ghrelin levels among human subjects
initiating meals voluntarily without cues related to time or food.
Samples were drawn every 5 min between a scheduled lunch and a
freely requested dinner, and hunger scores were obtained using visual
analog scales. Insulin, glucose, fatty acids, leptin, and triglycerides
were also measured. Ghrelin levels decreased shortly after the first
meal in all subjects. A subsequent preprandial increase occurred over
awide range of intermeal intervals (IMI; 320—425 min) in all but one
subject. Hunger scores and ghrelin levels showed similar temporal
profiles and similar relative differences in magnitude between lunch
and dinner. One subject displayed no preprandia ghrelin increase and
was also the only individual whose insulin levels did not return to
baseline between meals. This finding, along with a correlation be-
tween area-under-the-curve values of ghrelin and insulin, suggests a
role for insulin in ghrelin regulation. The preprandial increase of
ghrelin levels that we observed among humans initiating meals
voluntarily, without time- or food-related cues, and the overlap
between these levels and hunger scores are consistent with a role for
ghrelin in meal initiation.

appetite; insulin

ALTHOUGH MEALTIME HUNGER IS a common, daily experience, the
nature of the molecular determinants underlying this sensation
is debated. Ghrelin is a recently discovered enteric peptide
hormone that is the only known circulating orexigen and one of
very few substances shown to stimulate appetite and food
intake when administered to humans (22, 36, 46, 51). Orexi-
genic actions of ghrelin have been demonstrated after modest-
dose peripheral injections that generate approximately physio-
logical blood levels in humans and rodents, suggesting that
normal fluctuations in endogenous circulating ghrelin can af-
fect appetite (51, 52). Considerable evidence in multiple spe-
ciesimplicates ghrelin in the control of preprandial hunger and
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meal initiation. Additional evidence suggests that ghrelin may
also participate in long-term body-weight regulation, and
blockade of ghrelin signaling is actively being explored as a
potential anti-obesity modality (13, 14).

The following observations are consistent with the hypoth-
esis that ghrelin contributes to preprandial hunger and meal
initiation (12, 14). 1) The greatest amount of ghrelin is pro-
duced by the stomach and duodenum, organs that are well
positioned to sense the presence or absence of recently ingested
food (3, 16, 19, 22, 24). 2) As predicted for a mea initiator,
ghrelin levels increase with fasting and are suppressed within
minutes by refeeding or enteral infusions of nutrients but not
water (3, 46). 3) Exogenous ghrelin stimulates eating when
administered at times of minimal spontaneous food intake (4,
36, 46, 53). 4) Ghrelin's orexigenic actions are extremely rapid
and short-lived, as required for a signal influencing individual
meal-related behavior (4, 36, 46, 53). 5) A detailed analysis of
meal patterns after ghrelin injections reveals that the primary
orexigenic effect of ghrelin is to decrease the latency to feed,
leading to one extra episode of eating that occurs directly after
ghrelin administration (17). 6) Ghrelin stimulates gastric mo-
tility and acid secretion, both of which increase in anticipation
of meals (4, 29). 7) Hypothalamic neurons that cosecrete the
orexigenic substances neuropeptide Y and agouti-related pro-
tein are the most clearly documented targets of ghrelin action
in the brain and are implicated in the central control of meal
initiation (13, 14). Levels of these neuropeptides increase at
times of maximal feeding in rodents, whereas the expression of
other neuropeptides involved in energy balance is relatively
constant throughout the day and night (25).

Among the most compelling evidence suggesting a role
for ghrelin in meal initiation in humans is the observation
that circulating levels increase before, and decrease after,
every meal (12, 15, 40, 48, 49). Likewise, sheep habituated
to various feeding schedules demonstrate preprandial ghre-
lin surges occurring as many times per day as meals are
provided (43, 44). In the studies reporting these findings,
however, subjects knew when food was to be served; there-
fore, it is possible that the preprandial increases in ghrelin
levels were part of a cognitive, anticipatory response to
upcoming meals. A causal role for ghrelin in meal initiation
would be supported more strongly if such increases were
observed among individuals initiating meals spontaneously
when isolated from external cues related to either time or
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food, and also if there were atemporal relationship between
ghrelin levels and hunger.

In the current study, we sought to determine, with very
frequent blood sampling, whether preprandial increases in
circulating ghrelin levels occur among human subjects initiat-
ing meals voluntarily, in the absence of any time- or food-
related cues. We aso assessed whether the timing of fluctua
tions in ghrelin levels in this setting overlaps with that of the
subjective sensation of hunger. Because insulin and leptin are
strongly involved in the biological cascade of eating behavior
and may modulate ghrelin action, these hormones were also
evaluated, as were the important fuel substrates glucose, tri-
glycerides, and nonesterified fatty acids (NEFA).

RESEARCH DESIGN AND METHODS

Subjects. After approval of the procedure by the Ethics Committee
in Human Research at Bocage Hospital, subjects were recruited
through advertisements posted at the Faculties of Science and Medi-
cine of Dijon. To be included, subjects had to be male, healthy, aged
19-25 yr, and have a body mass index (BMI) between 19 and 25
kg/m?2. We excluded smokers, trained athletes, and individuals who
drank alcohol more than occasionally, who had food alergies, and
who used medication. Subjects were also excluded if they reported a
personal or family history of obesity, eating disorders, diabetes, other
metabolic diseases, or a change in body weight of >1 kg over the 3
yr preceding the study. All subjects had to have low dietary restraint
scores (=6 out of a possible 18) on the Three Factor Eating Ques-
tionnaire (42). Candidates were excluded if they reported fear of blood
withdrawal or aversion to any of the foods provided in the study.
Moreover, subjects had to be accustomed to eating three meals per
day, not including any habitual food intake between lunch and dinner.
This criterion was not specified to candidates before they recorded all
of their food intake on 5-day diary reports, upon which this criterion
was verified. The selected subjects all gave written informed consent
before the experiment and were financially compensated for complet-
ing the study. Characteristics of these individuals are shown in
Table 1.

The experimental session was designed to determine, in subjects
deprived of cues related to time and food, the temporal pattern of
plasma ghrelin concentrations and hunger sensations from the begin-
ning of lunch (provided at a fixed time) to the beginning of dinner
(provided when subjects voluntarily requested it).

Body composition. Body composition was determined by whole
body dual-energy X-ray absorptiometry using the Hologic QDR 4500
(Hologic, Waltham, MA). Scans were analyzed with Hologic software
version 8.07. A Step Phantom calibration was performed daily, as
recommended by the manufacturer. After having urinated, subjects
were scanned for 5 min in a supine position, wearing only undergar-
ments and no metal objects. The same investigator performed all
scans.

Table 1. Subject characteristics

Age, Weight, BMI, Total Fat Body Fat, Restraint
Subject No. yr kg kg/m? Mass, kg % Score*
1 21 74.6 225 12.7 17.0 6
2 20 58.6 19.0 6.1 10.4 2
3 22 76.1 23.2 10.1 133 6
4 20 75.4 21.3 8.6 114 3
5 23 67.1 194 7.6 114 4
6 21 73.7 225 7.1 9.6 3

Mean=SD 21.2+12 709+6.8 213*18 87*24 122+27 40*17

BMI, body mass index. *On the Dietary Restraint subscale of the Three-
Factor Eating Questionnaire (42), in which the maximum possible scoreis 18.

GHRELIN AND VOLUNTARY MEAL INITIATION

Meals. On the test day, lunch was a two-course meal, consisting of
spaghetti bolognese (17, 34, and 49% of energy derived from protein,
fat, and carbohydrate, respectively) and fruit yogurt (14, 17, and 69%
of energy derived from protein, fat, and carbohydrate, respectively).
Dinner consisted of chicken with rice, vegetables, corn and mush-
rooms, bread, apple stew (Andros), and biscuits (Palets bretons). All
items were served in large portions, and water was provided ad
libitum.

Subjective appetite ratings. Hunger was assessed using 100-mm
visual analog scales preceded by the question “Do you feel hungry?’
These scales were anchored with “not at al” and “extremely” at the
left and right ends, respectively. The distance from the extreme left to
the subject’s vertical dash represented the rating score, expressed in
millimeters. Hunger ratings were determined every 30 min throughout
the study, and subjects were unaware of the duration of this interval.
Additional measurements were also randomly intercalated to avoid
providing any time cues.

Sudy protocol. Subjects arrived at the hospital a 1900 on the
evening before the study. After consuming an ad libitum dinner, they
slept in private bedrooms at the facility. They were awakened at 0800
the following day and were served their usual breakfast, as determined
from their home food intake reports. They were alowed to eat as
much of this meal as they desired.

After breakfast, subjects were seated in comfortable armchairs and
deprived of time cues by exposing them to artificial light only and by
removing all sources of visual and auditory time indicators (e.g.,
clocks, watches, radios, television, telephones, etc.). They were iso-
lated in individual rooms, which were quiet and comfortable enough
to allow them to pursue their studies. At 1100, an anesthetic cream
(Emla; AstraZeneca) was spread over the area where the catheter was
to be inserted to eliminate any pain-induced stress resulting from the
puncture. At 1200, the sampling catheter (see below) was inserted in
an antecubital vein; blood withdrawal started immediately thereafter
and continued uninterrupted throughout the experiment. Lunch was
served 30 min after the first blood sample; meal duration was not
constrained, to encourage ad libitum intake. Subjects were served
sufficient portions to ensure that they were not limited in their
spontaneous desire to eat. Before and after consumption, foods were
accurately and covertly weighed to determine actua intake. Subjects
were instructed to request their next meal whenever they felt hungry
enough to do so. Regardless of the time of this request, they were
informed that they would not be allowed to leave the center until 2200
to avoid any premature mea requests. Subjects were served dinner
when they asked to eat and were again instructed to consume as much
as they desired. After they finished this meal, their catheter was
withdrawn, and they were asked to guess the time of day. At 2200,
they were alowed to leave the center.

Blood sample collection. Blood was harvested using a specialy
designed, double-lumen catheter (MTB Medezintechnik, Amstetten,
Germany) fitted into a 21-gauge, indwelling cannulain the antecubital
vein. This system allowed heparinized blood to be withdrawn contin-
uously throughout study sessions without any heparin being infused in
the vein (9). The catheter was heparinized by pumping sterile heparin-
saline solution (200 U/ml) via a peristaltic pump at 24 pl/min through
the distal lumen of the catheter to the tip of the cannula. The
heparinized blood was continuously withdrawn through the proximal
lumen of the cannula at 400 pl/min. Blood samples were collected
every 5 min. The transit time of this continuous sampling line was
~10 min, alag time that was precisely measured for each test in every
subject and taken into account for data analysis. Blood samples were
immediately centrifuged for 15 min at 2,000 g at 4°C, after which
plasma was separated into aliquots and stored at —80°C until being
assayed.

Plasma measurements. Total immunoreactive ghrelin concentra-
tion was determined with our modification of a commercia RIA
(Phoenix Pharmaceuticals, Belmont, CA). This assay uses a 1%°I-
labeled ghrelin tracer and a rabbit polyclonal antibody against full-
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length, octanoylated human ghrelin that recognizes the acylated and
des-acyl forms. Although only acylated ghrelin is bioactive (22), total
ghrelin appears to be a reasonable surrogate for the acylated form
because the ratio of the two levels remains constant under a wide
variety of conditions that affect ghrelin (2, 34, 35). The lower and
upper detection limits were 80 and 2,500 pg/ml, respectively, and the
inter- and intra-assay coefficients of variation were 5.9 and 10.3%,
respectively

Insulin concentration was determined by RIA using the SB-INSI-5
kit (7% accuracy, sensitivity of 2 U/l; CEA, Gif-sur-Y vette, France).
Leptin concentration was determined by RIA using the commercial
Sensitive Human Leptin kit (Linco Research, St. Charles, MO). Mean
intra- and interassay coefficients of variation were 3.5 and 5.3%,
respectively

Glucose was measured by the glucose oxidase enzymatic method
(kit Hycel, Pouilly en Auxois, France). Triglycerides and NEFA were
quantified using a colorimetric enzymatic method (kit C, Wako, both
5% accuracy; Oxoid, Dardilly, France). All substrate measurements
were performed with an automat device (Lisa 200).

Satistics. Statistical analyses were conducted on SYSTAT soft-
ware (version 7.01; SPSS, Chicago, IL). All results are expressed as
means *= SE, except where standard deviations are specified. Areas
under the curve (AUC) of substrate and hormone profiles were
determined using the trapezoidal method after subtracting the basal
AUC from the calculated AUC. Because AUC does not take into
account the differences among subjects in duration of the intermeal
interval (IMI), a mean value of each blood factor during the IMI was
calculated by dividing the sum of the values by the number of tubes.
To obtain a common representation of the IMI for al subjects, atime
scale based on percentages of IMI was constructed (see Ref. 10 for
details). The IMI of each subject was divided into 20 equal intervals,
and, for each of these periods, a mean value of the measurements was
calculated for every variable. The changes of concentrations were
expressed as percent change from the baseline, defined as the mean of
three samples taken at 5-min intervals immediately before the begin-
ning of lunch.

The significance of the changes during the IMI (either in minutes or
as %IMI) was evaluated by ANOV A for repeated measures. When an
interaction with time was found, post hoc analyses were conducted
using Scheffé's test.

Pearson’s correlations were used to assess relationships between
ghrelin levels and anthropometric measures (BMI, fat mass, fat-free
mass, and %body fat), behavioral measures (duration of the IMI and
energy intake at dinner), and levels of blood factors (insulin, leptin,
glucose, NEFA, and triglycerides). Predictive equations were fitted by
multivariate linear regression using a backward stepping procedure.
Significance was fixed at P < 0.05.

RESULTS

The mean time taken to eat lunch was 20 min (range 17-23),
and the mean energy intake at that meal was 3,356 kJ (range
2,558-3,989; Table 2). The mean IMI between the fixed lunch
and freely requested dinner was 359 min (range 320—425). The

Table 2. Energy intake and intermeal interval

Subject No. Lunch, kJ Dinner, kJ IMI, min

1 2,558 3,875 320

2 3,989 4,286 390

3 3,733 5,039 340

4 2,949 4,241 350

5 3,657 6,568 425

6 3,252 3,961 330
Mean+SD 3,356+538 4,662+1,020 359+40

IMI, intermeal interval.
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mean guessed time at the point when dinner was requested was
34 = 5 min (range 15-55 min) later than the actual time (P =
0.005).

Individual subject profiles for ghrelin and other analytes are
shown in Fig. 1. Presumably as a continuation of the prepran-
dia rise before lunch, mean ghrelin levels generally increased
briefly after the start of this meal, for 21 = 2 min (an average
of 7.5% of lunch-dinner IMI; Fig. 2). Ghrelin levels then began
to fall shortly after lunch was consumed in all subjects, and this
decline reached statistical significance for the group by 60 min
after the start of the meal (P = 0.035). Calculated as percent-
age of individual IMI, the change from baseline was significant
by 22.5% of the IMI (P = 0.021; Fig 2). The trough was
reached ~70 min after the start of lunch, and the nadir was
34.6 + 8.4% lower than the baseline value. The duration of the
trough varied widely across subjects, e.g., from ~150 min in
subject 5 to 250 min in subject 2. A progressive increase was
then observed until the voluntary dinner request in all subjects
except subject 6. Mean ghrelin levels were no longer different
from baseline by 57.5% of the IMI, and they reached an
average of 116 = 15% of trough values at the time when dinner
was freely requested (Fig. 2). At thistime, mean ghrelin levels
were 31.2 = 19.5% above baseline values, but this difference
did not reach significance because of subject 6.

The temporal profiles of mean ghrelin levels and subjective
hunger scores overlapped closely with each other throughout
the IMI (Fig. 2). This relationship was observed, regardless of
the duration of the IMI, in al subjects except subject 6 (Fig. 1).
In subjects 1, 2, 4, and 5, the increase in ghrelin levels dightly
preceded the increase in hunger scores, whereas the two
variables were synchronized in subject 3. It is noteworthy that,
in al but subject 6, the differences in ghrelin levels between
dinner and lunch mimicked those in hunger scores, i.e, a
higher ghrelin level corresponded to a higher hunger score and
vice versa. Thisrelationship was particularly evident in subject
5, who displayed considerably lower levels of both ghrelin and
hunger before lunch than were observed for both measure-
ments before dinner. The only time throughout the IMI when
the mean curves for ghrelin and hunger diverged substantially
was shortly after lunch was consumed, during which time
appetite scores fell more rapidly from preprandia values than
did ghrelin levels (Fig. 2).

To assess a possible role for insulin, glucose, NEFA, leptin,
or triglycerides in the variability of ghrelin levels among
subjects, concentrations of these hormones and substrates were
analyzed in the same manner as was ghrelin (Figs. 1 and 2).
Subject 6 displayed two profilesthat differed substantially from
those of the other subjects, in addition to a markedly different
ghrelin profile lacking the usual preprandial increase. This
individual’s profiles were unusual in that, before dinner, NEFA
levels did not increase and insulin levels never reached base-
line values after their postlunch peak (Fig. 1). Fatty acid levels
also did not increase before dinner in subject 2, who neverthe-
less showed a robust preprandia ghrelin increase. Thus the
failure of insulin levels to reach baseline values during the IMI
in subject 6 seems the most parsimonious explanation for the
lack of a preprandial rise in this individual’s ghrelin levels.

The only association between AUC values for ghrelin and
the other measured blood parameters was a negative correla-
tion between ghrelin and insulin AUC (r = —0.814, P =
0.049). We found no correlations between ghrelin AUC and
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Fig. 2. Mean=SE values for hunger scores (») and plasma levels of ghrelin, insulin, glucose, NEFA, leptin, and triglycerides
(TAG) among 6 human subjects isolated from time- and food-related cues. For clarity, data are displayed as %change from the initia
baseline, and time is expressed as a percentage of each individua's intermed interva (IMI) between the fixed lunch (begun at time 0)
and the freely requested dinner (begun at time 100%). Each subject’s IMI was divided into 20 equd intervals, and, for each of these
periods, the mean value of every variable is displayed. FA, fatty acid. *P < 0.05 compared with baseline vaues at time 0.
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factors known to be tightly associated. As expected, there was
a significant correlation between percent fat mass and both
mean leptin levels (r = 0.872, P = 0.023) and leptin AUC (r =
0.870, P = 0.024).

energy intake at lunch, intake at dinner, duration of the IMI, or
anthropometric measures. To assess the accuracy of our an-
thropometric measurements of adiposity, we evaluated the
correlation between percent fat mass and leptin levels, two

Fig. 1. Analysisof individual subjectsinitiating meals voluntarily while isolated from time- and food-related cues. Data are shown
from the time when lunch was provided (time 0) until dinner was freely requested, at a time of their choosing. Displayed are
subjective hunger scores (») and plasma levels of ghrelin (), insulin (@), nonesterified fatty acids (NEFA; 0), glucose (), and
leptin (0). Hunger was quantified using visual analog scales every 30 min. For plasma measurements, samples were taken
automatically every 5 min from continuously withdrawn blood.
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The multiple-regression analyses showed that a model could
be constructed for ghrelin AUC. The only significant predictive
factors were insulin AUC and NEFA AUC, with negative and
positive coefficients, respectively (r> = 0.950, P = 0.011;
Table 3). The correlation between estimated and actual ghrelin
AUC wasr = 0.975, P = 0.001.

DISCUSSION

In this study, the very frequent blood measurement (every 5
min from continuously withdrawn blood) and the avoidance of
al environmental conditional cues associated with eating al-
lowed a detailed analysis of variations in plasma ghrelin levels
relative to spontaneous eating. The postprandial decrease and
preprandial increase of plasma ghrelin levels that have been
reported among individuals fed on fixed schedules was aso
observed among all but one of our subjects initiating meals
voluntarily, in the absence of cues related to time or food.
Moreover, except in this one subject, the temporal profiles of
ghrelin levels overlapped considerably with those of subjective
hunger scores, with ghrelin increases generally preceding hun-
ger increases by a short interval.

It isimportant to note that, although our protocol reduces the
effect of external cues on the parameters we measured, it does
not exclude circadian influences on these parameters, since
subjects were deprived of time cues for only a short period.
Durable circadian rhythms could clearly affect our results, and
elimination of these potentially confounding effects would
require long-term studies of people deprived of time cues for
many weeks or months. Furthermore, we studied a small
number of subjects, each examined quite intensively. The large
amount of data resulting from frequent blood sampling allows
us to draw conclusions regarding the interrelationships among
our measured end points within individuals, but this small
sample size limits our ability to extrapolate our findings to
broad populations.

Not withstanding these caveats, however, the close associ-
ation that we observed between a subjective measure of appe-
tite and a blood parameter is, to our knowledge, the first to be
described in the area of ingestive behavior. Moreover, it is
striking that the relative difference in hunger scores between
[unch and dinner in each individual mimicked those of ghrelin
levels. Although NEFA and ghrelin levels showed similar IMI
profiles, the relationship of hunger scores to NEFA levels was,
on a group or individual basis, much less tightly linked than
were hunger scores and ghrelin levels. Because our subjects
were isolated from any time indicators and also from the sight,
smell, sound, or mention of food, their decision regarding
when to eat should have been driven more by putative endog-

Table 3. Regression model for ghrelin AUC

Dependent Variable B SE P
Constant 136,841.81 24,538.17 0.011
Insulin AUC, pU-min~—t-ml—* -9.37 143 0.007
NEFA AUC, mmol-min~—t-ml—1 207.31 49.76 0.025

The following variables were tested: energy intake at lunch; the interval
between lunch and the next spontaneous meal request, i.e., IMI; BMI; lean and
fat mass (in absolute weight and % total body weight); and incremental area
under the curves (AUC) for insulin, leptin, nonesterified fatty acid (NEFA),
and triglycerides. B, Standard regression coefficient; P, significance fixed at
P < 0.05. The r? and significance of the equation are indicated in text.
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enous appetite signals than by external influences. The ob-
served preprandial increase in ghrelin levels and their close
association with hunger scores under these conditionsis, there-
fore, consistent with the hypothesis that ghrelin may function
as part of the mechanism leading to an appetite signal. Al-
though our observations are correlative and do not prove a
causal role for ghrelin in meal initiation, they are consistent
with that model and represent more compelling evidence in its
favor than has been provided from our prior work on subjects
fed according to a fixed schedule (12, 15).

Because one subject did not show a preprandial increase in
ghrelin levels, however, a mandatory relationship between
ghrelin and meal initiation is questioned. One explanation
might be that this subject’ s decision regarding when to eat was
not driven by physiological factors. Although this possibility
cannot be excluded, some facts argue against it. First, the
subject’s hunger scores manifested the usual profile observed
in a spontaneous IMI and reached high values before the
request for dinner. Second, the duration of the IMI and the
energy intake at dinner were not reduced compared with those
in other subjects. Third, a small increase in ghrelin levels was
actually apparent ~250 min after lunch, but, contrary to those
in other subjects, this level plateaued until the dinner request.
Other blood profiles were explored to provide hypotheses to
explain this unusua ghrelin profile, and additional atypical
features were observed. By the end of this subject’s IMI,
NEFA levels had not increased from trough values, and insulin
levels had not declined to their baseline. The unusual NEFA
profile is unlikely to explain the unusual ghrelin profile, how-
ever, since subject 2 showed a similar NEFA profile but had a
clear preprandia increase in ghrelin levels. Moreover, it is
important to note that a preprandial increase in NEFA levelsis
not consistently observed and requires a long IMI and low
insulin levels (10, 27, 28). This subject’s unusual insulin
profile was, therefore, the only parameter we measured that,
together with the ghrelin profile, contrasted with that of all
other subjects. Although insulin levels reached baseline values
250-350 min after lunch in al other subjects, they remained
>250% higher than baseline in subject 6. In summary, the
most likely explanation for the lack of a preprandial increasein
ghrelin levels in subject 6 appears to be the failure of this
individual’s insulin levels to return to baseline during the IMI.

A relationship between ghrelin and insulin is further sup-
ported in our study by the inverse correlation of AUC values of
the two hormones during the IMI. This observation is consis-
tent with recent reports supporting a role for insulin as a
negative regulator of ghrelin (1, 18, 26, 30, 33, 39). Modeling
of ghrelin AUC by multivariate linear regression, however,
suggests that NEFA could be a potential cofactor linking
insulin and ghrelin. The relationship between ghrelin and
NEFA being positive, this means that, for a similar insulin
level, ghrelin would be higher if NEFA were elevated. It is
noteworthy that NEFA were also found to be tightly related to
leptin in a previous study conducted with a similar procedure
(20). In sparing glucose from oxidation via the glucose-fatty
acid cycle (37) in the late part of the IMI (after the insulin-
induced inhibition of lipolysisisweakening), mobilized NEFA
can help maintain glucose levels and prolong satiety (21).
However, NEFA contribute to metabolism mainly in the late
part of the IMI (28). Beginning itsincrease sooner, ghrelin may
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represent a precocious enteric signal enhancing the disposition
of a person toward food seeking, i.e., the interest in food.

Leptin showed its usual daytime increase in all subjects, but
the onset and the magnitude of this increase varied among
individuals. The highest values during the lunch-dinner inter-
val were reached between 275 and 380 min across subjects.
The predinner decline in leptin levels that we previously
reported in five out of six subjects (10) was observed in only
four out of six subjects here. In summary, it appears that
spontaneous meal initiation can occur without a prior decrease
in leptin levels, an increase in NEFA or ghrelin levels, or a
return of insulin levels to baseline. The most consistent pre-
prandia profile across subjects in this and several other studies
in which very frequent blood sampling was performed is the
preprandial decline in glucose (7, 8, 11, 23, 31, 32).

Our results, however, still support a role for ghrelin in the
dynamic situation leading to meal initiation, and additional
lines of recent evidence are also compatible with such arole.
Spontaneous increases in circulating ghrelin levels correlated
with episodes of feeding (but not growth hormone release)
among ad libitum-fed rats evaluated with formal pulsatility
analysis (45). The assertion that similar preprandial increases
might affect human meal initiation is strengthened by obser-
vations that three different single-nucleotide polymorphismsin
the human genes encoding either ghrelin or its receptor are
associated with abnormal meal patterns characterized by ex-
cessive nibbling (or “grazing”), findings consistent with arole
for ghrelin in dictating the timing of meals (20). A positive
correlation was reported between preprandial ghrelin levels
and gastric emptying time, a determinant of the duration of
satiety (47). Finaly, we have shown in humans that the depth
and duration of postprandial ghrelin suppression is related dose
dependently to caloric load, when all other features of meals
are held constant (6). In other words, large meals suppress
ghrelin more thoroughly than do small meals, similar to the
manner in which caloric load affects appetite. Although these
observations and our current findings present a picture of
ghrelin as participating in meal initiation, the data are largely
correlative and thus are not yet definitive. Critical loss-of-
function experiments with ghrelin-blocking agents or genetic
ablations are required to prove or disprove the hypothesis that
ghrelin is an important participant in meal initiation.

The temporal profiles of ghrelin levels and hunger scoresin
our study overlapped more closely during the preprandial
increase than during the postprandial decline. This finding is
more consistent with a physiological role for the preprandial
rise of ghrelin in meal initiation than with a key role for the
postprandial fall of ghrelin in mediating meal termination. The
latter event results from sensory cues (5, 38), gastric distention,
and several short-acting, meal-stimulated intestinal satiation
factors (e.g., CCK; see Refs. 41 and 50). These forces presum-
ably cause the sensation of gastrointestinal fullness via ghrelin-
independent mechanisms and are likely to be responsible for
the postprandial fall of hunger scores that we observed preced-
ing the fall of ghrelin levels.

In summary, we observed postprandial suppression and
preprandial increases of plasma ghrelin levels among human
subjects initiating meals voluntarily, in the absence of time-
and food-related cues. Our data favor arole for insulin in both
this short-term prandia regulation of ghrelin and in overall
ghrelin AUC. We aso found a close overlap between the
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temporal profiles of ghrelin levels and hunger scores. These
correlative data are consistent with, but do not prove, the
hypothesis that ghrelin functions as an endogenous meal-
initiation signal. Further studies in which ghrelin signaling is
abolished are required to establish definitively if ghrelin is,
indeed, an important physiological meal initiator.
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