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Context: The acylation of ghrelin is essential for its stimulatory effects on GH release and appetite.
Most of the physiology of ghrelin has been defined based on the assay of total ghrelin (TG), which
mainly reflects levels of unacylated ghrelin. Whether levels of acylated ghrelin (AG) are influenced
by circadian time and sleep and impact glucose regulation under physiologic conditions is not known.

Methods: Blood was sampled at 10-to 30-min intervals for 24 h in 14 healthy young lean men under
controlled conditions of activity, light-dark cycle, and sleep-wake schedule. The subjects ingested
three identical carbohydrate-rich meals at 5-h intervals. Sleep was polygraphically monitored.
Levels of TG and AG were measured by RIA. The 24-h profiles of glucose and insulin levels were

assessed simultaneously.

Results: Postprandial glucose concentrations were positively correlated with mean levels of AG but
not TG, independently of insulin. Postprandial suppression and rebound of AG and TG occurred in
parallel and were not impacted by time of day. The nocturnal elevation of AG and TG reflects the
postdinner rebound curbed by an inhibitory effect of sleep. The ratio of AG to TG was lower during
sleep than during wake, consistent with a reduction of orexigenic signal.

Conclusions: Individual differences in AG levels may be an important predictor of overall glucose
control under physiological conditions. Sleep, but not time of day, impacts postprandial TG and AG
responses. The inhibitory effect of sleep on ghrelin release and acylation is consistent with the
association between sleeping and fasting. (J Clin Endocrinol Metab 96: 486-493, 2011)

hrelin was identified in 1999 as a natural ligand of the

GH secretagogue receptor type la (1) but has since

been recognized as an appetite-stimulating hormone and
akey component of the regulation of energy balance (2-5).
Ghrelin acylation, under the control of the enzyme ghre-
lin-O-acyl-transferase, is essential for its binding to the
GH secretagogue receptor type 1a and for its orexigenic
effects (2, 5). Therefore, until recently, acylated ghrelin
(AG) and unacylated ghrelin (UAG) were commonly re-
ferred to as active and inactive ghrelin, respectively. Evi-
dence has since accumulated to indicate that UAG, which
circulates in concentrations 3- to 4-fold higher than those
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of AG, has pleiotropic nonendocrine actions including
cardiovascular and metabolic effects (2—4).

Most of the physiology of human ghrelin has been
based on the assay of peripheral levels of total ghrelin
(TG), which mainly reflect UAG levels. TG levels decrease
after food ingestion in proportion to caloric load and rise
before initiation of the next meal, paralleling the increase
in hunger (6, 7). Despite the fact that the ghrelin-releasing
stomach cells function as food-entrainable circadian os-
cillators (8), it is not known whether postprandial ghrelin
suppression and rebound vary according to time of day. As
early as 2001 (9), studies involving frequent sampling

Abbreviations: AG, Acylated ghrelin; AUC, area under the curve; CV, coefficient of vari-
ation; REM, rapid eye movement; TG, total ghrelin; UAG, unacylated ghrelin.
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across the 24-h cycle observed a nocturnal elevation of TG
levels with peak values during the sleep period and declin-
ing levels toward the morning. To date, the significance of
this rise and fall of TG during the overnight fast remains
unknown. The only human study that directly examined
the role of sleep on nocturnal ghrelin release found that TG
levels were inhibited by sleep deprivation, contradicting a
large body of evidence from animal models linking the pro-
motion of feeding with the maintenance of wakefulness (10).

Only a few studies have attempted to characterize the
postprandial and/or overnight profiles of AG in relation to
UAG (11-14). Lucidi et al. (11) first reported that meal
intake similarly reduced levels of AG and TG as assessed
by RIA. Using a two-site sandwich assay of higher spec-
ificity, Liu et al. (13) showed that in the fed state, the
dynamics of AG mirror closely those of UAG but that
following 1.5 d of fasting, AG levels are suppressed by
60-70%, whereas UAG remains at peak premeal val-
ues. These observations extended an emerging body of
evidence supporting distinct and sometimes opposing
interactions of AG vs. UAG with glucose regulation (2—
4). Whether overall levels of AG and/or TG impact glu-
cose control under normal physiological conditions is
not known.

The present study was designed to elucidate the roles
of sleep and time of day on postprandial profiles of AG
and TG and their relationship to concomitant varia-
tions of glucose and insulin using frequent sampling
across the 24-h period, identical and equally spaced
high-carbohydrate meals during the day and polygraphic
sleep recording.

Subjects and Methods

Subjects

The study included 14 healthy men [age(mean * sp): 24 * 3
yr; body mass index (mean * sp): 22 = 2 kg/m?]. Subjects with
a history of psychiatric or endocrine illness, sleep disorders, shift
workers, subjects having recently crossed time zones, and sub-
jects taking any drugs were excluded. Only subjects with regular
lifestyles and habitual bedtimes from 2300-2400 until 0700—
0800 h were included. The protocol was approved by the Insti-
tutional Review Board of the University of Chicago. Written
informed consent was obtained from all participants.

Experimental protocol

During the week preceding the study, the participants were
asked to comply with a standardized schedule of bedtimes (2300
h = 30 min) and wake-up times (0700 h = 30 min). Compliance
was verified by examination of wrist activity recordings (Acti-
watch; Respironics, Bend, OR). The subjects were admitted to
the Clinical Research Center on the evening before the study.
They received a standardized dinner at 1900 h. On the following
day, blood sampling for 24 h was initiated. Sampling interval was
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10 min in the postprandial periods, and at 20-30 min at all other
times. An iv sterile heparin-lock catheter was inserted in the
forearm at least 2 h before the beginning of sampling. The line
was kept patent with a slow drip of heparinized saline. Food
intake was restricted to three identical and equally spaced meals
(30% fat, 60% carbohydrates, 10% protein; 2400 kcal per 24 h)
served at 0900, 1400, and 1900 and consumed within 20 min.
Snacks and beverages other than water were notallowed. During
waking, the subjects remained at bed rest with the head of the bed
tilted at a 45° angle. Naps were not allowed. Approximately 2 h
before bedtime, electrodes for sleep recordings were attached.
Lights were turned off from 2300 to 0700 h. Sleep was recorded
via a digital EEG acquisition system (Neurofax EEG-1100A;
Nihon Kohden, Foothill Ranch, CA). During bedtimes, the cath-
eter was connected to plastic tubing extending to an adjacent
room to sample distally. For AG, 1.5 ml of blood was collected
in chilled EDTA tubes kept on ice and containing 20 ul of 0.75%
phenylmethanesulfonyl fluoride and 50 ul of 1 M HCI. Each
blood sample was immediately centrifuged at4 C. For TG, blood
was collected at room temperature in nonchilled tubes that did
not contain inhibitors. Plasma and serum samples were frozen at
—80 C until assay.

Assays

All plasma samples for assessing AG levels were thawed and
aliquoted on ice. Both TG and AG levels were measured using
commercially available RIA procedures (Linco Research, St.
Charles, MO). For TG, the limit of sensitivity was 93 pg/ml; the
intraassay coefficient of variation (CV) was less than 3%. AG
sensitivity limit was 7.8 pg/ml; the intraassay CV was less than
3%. Each assay was validated by adding three doses of synthetic
acyl-ghrelin or des-acyl ghrelin (Phoenix Pharmaceuticals, Bel-
mont CA) to aliquots of a plasma pool. Recovery of des-acyl
ghrelin in the TG assay averaged 97%. Recovery of acyl-ghrelin
in the AG assay ranged from 70 to 75%. Based on our own
evaluations, there was no detectable cross-reactivity of des-acyl
ghrelin in the AG assay.

Glucose levels were assayed at bedside in 12 of the 14 subjects
using an automated instrument (Yellow Springs model 23A; Yel-
low Springs Instruments, Yellow Springs, OH) with a CV of less
than 2%. Insulin levels were measured using a chemiluminescent
enzyme immunoassay (Immulite; Diagnostics Products, Los An-
geles, CA) with a limit of sensitivity of 14.4 pmol/liter and in-
traassay CV of 3.3-5.5%. All samples collected in the same sub-
ject were analyzed in the same assay.

Analysis of sleep recordings

Polygraphic sleep recordings were scored at 30-sec intervals in
stages wake, I, II, I, IV, and rapid eye movement (REM) according
to standard criteria (15). Sleep onset was defined as the time cor-
responding to the first 30-sec interval scored IL, III, IV, or REM
provided the subsequent 30-sec interval was not scored wake or
stage I. Morning awakening was defined as the time corresponding
to the last 30-sec interval scored II, IIL, IV, or REM.

Analysis of individual profiles of TG, AG, glucose,
and insulin

All individual data were interpolated at 10-min intervals to
facilitate the quantification of meal responses. Isolated AG val-
ues that represented a more than 100% change in comparison
with the preceding and following value and that were not con-
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24H MEAN (+SEM) PROFILES
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The nocturnal elevations of TG and AG
were estimated after smoothing the profiles
using a 7-point moving average as the dif-
ferences between the nadir following the
evening meal and the maximum level at-
tained between 2300 and 0500 h.

The premeal levels of plasma glucose and
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The 24-h mean level averaged
1027 + 108 pg/ml for TG and 80 = 4
pg/ml for AG. Despite the high homo-
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FIG. 1. Twenty-four-hour mean (=sk) profiles of total ghrelin, acylated ghrelin, glucose, and
insulin obtained in healthy young men who were allowed to sleep from 2300 to 0700 h. The
meal included identical carbohydrate-rich meals presented at 5-h intervals (0900, 1400, and
1900 h). The dotted line represents the occurrence of a hypothetical fourth identical meal 5 h
after the dinner meal, i.e. at midnight. The black bars represent the sleep period.

comitant with a similar variation in TG were considered as ab-
errant and interpolated. Of the total of 938 AG values measured
in the present study, only 30 (i.e. 3.2%) were interpolated.

Meal-related peaks of TG and AG were defined as the max-
imum concentration measured during the 40 min after meal pre-
sentation, i.e. before the initiation of postmeal inhibition. Post-
meal nadirs of TG and AG were defined as the minimum
concentration measured between 40 and 240 min after meal
presentation. The postmeal decreases in TG and AG were cal-
culated as the differences between the meal-related peak and the
postmeal nadir and expressed as a percentage of the meal-related
peak. The rebounds of TG and AG were calculated as the dif-
ferences between the peak value for the following meal and the
preceding nadir and expressed as a percentage of the preceding
nadir.

11 13 15 17 19 21

) geneity of the subject group in terms of
sex, age, and body mass index, the
mean 24-h levels of TG varied widely
from one individual to the other, with
the highest value being 3- to 4-fold
higher than the lowest value. The CV of
the mean TG level across individuals
was 40%. Individual differences in
24-h mean level were smaller for AG, with a CV of 19%.
The ratio of mean AG to mean TG level over the 24-h span
averaged 8.7 *+ 0.8% (range 5.5-16.2%). The 24-h mean
AG and TG levels were correlated (r = 0.74, P < 0.05).

Twenty-four-hour profiles of TG and AG

The two upper panels of Fig. 1 show the mean 24-h
profiles of TG and AG. Before calculating group means, each
individual profile was expressed as a percentage of its 24-h
mean to account for the interindividual variability of TG and
AG levels. The use of identical and equally spaced carbohy-
drate-rich meals allowed for the demonstration of consistent
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FIG. 2. A, Association between 24-h glucose levels and 24-h acylated ghrelin levels. B, Association between 24-h glucose levels and 24-h total
ghrelin levels. C, Twenty-four-hour mean (=sk) profiles of glucose for subjects with high and low 24-h acylated ghrelin levels. The arrows represent

identical carbohydrate-rich meals presented at 5-h intervals.

and approximately parallel meal-related changes in TG and
AG in the morning, midday, and evening.

The concomitant profiles of glucose and insulin levels
are shown in the lower panels of Fig. 1. The postprandial
decreases in TG and AG levels were coincident with the
first phase of glucose and insulin responses and occurred
over the first 2 h after meal presentation. Rebounds of TG
and AG levels were temporally associated with a slower
rate of decline of glucose and insulin concentrations dur-
ing the second phase of the response.

There is increasing evidence supporting a hyperglyce-
mic effect of AG but not TG (2, 3). We thus examined the
impact of individual differences in 24-h mean AG and TG
levels on 24-h glucose concentrations. Mean glucose levels
were correlated with AG levels (Fig. 2A), but not with TG
levels (Fig. 2B). Remarkably, AG levels were a stronger
predictor of glucose concentrations than insulin levels
(factorial ANOVA;24-h mean AG: P = 0.016;24-h mean
insulin: P = 0.261). This impact of AG levels on glucose
concentrations appeared specific to the daytime period
that included the three postprandial phases (0900-2400
h; factorial ANOVA; mean daytime AG: P < 0.04; mean
daytime insulin: P = 0.89). Indeed, glucose levels during
the overnight fast (2400—-0900 h) appeared primarily de-

termined by insulin levels (factorial ANOVA; overnight
mean insulin: P < 0.04; overnight mean AG: P = 0.45).

To further explore this impact of AG on glucose levels,
we performed a median split of our group of 14 subjects
according to the 24-h AG mean. Figure 2C illustrates the
mean 24-h glucose profiles for the individuals in the lower
range vs. upper range of mean AG values. The impact of
AG on glucose concentrations appeared to be primarily
exerted during the late postprandial phases. The mean
AUC during the late postprandial phases was higher in
subjects who had higher vs. lower mean AG levels (12.4 =
0.1g/dl - minwvs. 13.4 = 0.3 g/dl - min; P < 0.03), whereas
mean AUC values for insulin were comparable (24.1 = 4.1
nmol/liter - minws. 25.1 + 3.2 nmol/liter - min; P = 0.75).

Impact of time of day on postprandial AG and TG
responses

Peak levels of TG and AG were similar for each of the
three meals (ANOVA for repeated measures; TG: P =
0.17; AG: P = 0.26) and occurred at similar times relative
to meal presentation. Postmeal nadir levels of TG and AG
were also similar for the three meals and occurred in syn-
chrony 1.5-2 h after meal presentation. As illustrated in
Fig. 3A (upper panels), the relative degree of postmeal
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FIG. 3. A, Early meal responses of total ghrelin, acylated ghrelin, and incremental AUC of glucose from 0 to 1.5 h postmeal and incremental AUC
of insulin from 0 to 1.5 h after the meal (top to bottom), B, Association between the magnitudes of the degree of postmeal inhibition of total

ghrelin (upper panel) and acylated ghrelin (flower panel) with the rebounds.

inhibition of TG and AG was similar in the morning, mid-
day, and evening. This result contrasts with the progres-
sive increase in the glucose response to meals over the
course of the day and with a clear impact of time of day on
insulin release (Fig. 3A, lower panels).

When expressed as percentage of premeal levels and
averaged across all meals, the postmeal inhibition was
greater for AG (—46.3 = 2.2%) than for TG (—33.2 =
2.4%; P = 0.002). For both TG and AG, the magnitude of
the rebound was strongly correlated with the degree of
postmeal inhibition (Fig. 3B). Similar high correlations
between postmeal decrement and rebound were found for

both TG and AG when absolute, rather than relative,
changes were examined. Thus, when identical high-car-
bohydrate meals are ingested, both the suppression of TG
and AG levels by food intake and the subsequent rebound
appeared independent of time of day.

Nocturnal profiles of AG and TG: relationship with
postdinner rebound and sleep

On average, sleep onset occurred at 2325 h = 8 min and
morning awakening at 0707 h = § min. Total sleep time
averaged 6 h 52 min = 15 min. The distribution of sleep
stages was 3 h 24 min * 14 min for stages [+1I, 1 h 11
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min = 7 min for stages III+IV,and 1 h 18 min * 8 min for
REM sleep. These values are typical of healthy young vol-
unteers. The ratio of AG to TG was significantly higher
during the waking period (9.1 = 0.9%) than during sleep
(7.9 £ 0.7%; P < 0.002).

The sleep period was associated with a robust and pro-
longed increase in TG and a discernable but apparently
briefer rise of AG (Fig. 1). The nocturnal TG acrophase
occurred, on average,at2 h 17 *+ 20 min (i.e. 7h 17 £ 20
min after dinner) and represented a rebound of 65.4 =
8.5% over the postdinner nadir. Overnight levels of AG
were more variable, but a nocturnal acrophase could gen-
erally be identified (mean timing: 1 h 38 * 29 min; mean
value: 86.8 = 11.0% over postdinner nadir). After their
respective nocturnal acrophases, i.e. approximately 7 h
after the last meal, TG and AG levels declined until morn-
ing awakening despite the continued fasting condition.

We sought to determine whether the nocturnal ac-
rophases of TG and AG represented an extension of the
postdinner rebound commensurate with a steady rise of
ghrelin over a longer fasting period. To this effect, we
compared TG and AG levels at the time when peak levels
would have been observed if a fourth identical meal had
been ingested 5 h after the dinner meal, i.e. at midnight, to
mean peak levels for daytime meals. For each subject and
for both TG and AG, the mean lag between time of day-

DAYTIME AND NOCTURNAL
MEAL-RELATED PEAK LEVELS

150 -
140 -
p<0.05
TOTAL 130 4
GHRELIN
(% of 24h 120 -
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o - .
100 -
150 -
140 4
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GHRELIN 130 -~ p<0.002
(% of 24h
mean) 120 -~
110 4 i
100 -
DAYTIME HYPOTHETICAL
MEALS NOCTURNAL
MEAL

FIG. 4. Mean (=sE) levels of total ghrelin (upper panel) and acylated
ghrelin (lower panel) at mean peak levels for daytime (0900, 1400, and
1900 h) meals and at hypothetical peak time of a nocturnal (2400 h)
meal.
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time meal presentation and peak level was used to estimate
what would have been the peak time before ingestion of
this hypothetical nocturnal meal. On average, TG levels
would have peaked at 00 h 11 = 1 min and AG levels at
00 h 15 = 2 min. All but one subject had fallen asleep
(mean sleep onset at 2325 h = 8 min) before midnight. As
illustrated in Fig. 4, peak levels of TG and AG levels in the
13 subjects who were sleeping at the time of this hypo-
thetical nocturnal meal were lower than peak TG and AG
levels of daytime meals, suggesting an inhibitory effect of
sleep on the postdinner rebound of TG and AG. This in-
hibitory effect of sleep was further evidenced by the clear
decline of TG levels, and to a lesser extent AG levels, dur-
ing the remainder of the sleep period. This decline was
abruptly interrupted on polygraphically defined morning
awakening (Fig. 1).

Discussion

The present study used frequent blood sampling under
rigorous conditions of energy intake, activity levels, and
sleep-wake schedule and observed parallel meal-related
variations of AG and TG in a homogenous group of young
healthy lean men who ingested three identical carbohy-
drate-rich meals at 5-h intervals. The study design revealed
that postmeal ghrelin suppression and rebound is similar
in the morning, midday, and evening and that the noctur-
nal elevation of ghrelin reflects the postdinner rebound
curbed by an inhibitory effect of sleep.

The demonstration of a strong positive association be-
tween 24-h mean peripheral concentrations of AG and
postprandial glucose levels under normal physiological
conditions is a major result of the study. Individuals with
higher AG levels had more prolonged glucose responses to
carbohydrate-rich meals. Remarkably, the mean AG level
was a stronger predictor of overall daytime glucose con-
centrations than insulin. Because under normal condi-
tions, the overnight period occupies only one third of the
24-h cycle, the mean AG level appears to be an important
determinant of the overall physiological glucose concen-
tration, supporting a growing body of evidence for a hy-
perglycemic effect of AG (16). In contrast, no associations
between the 24-h mean TG levels, which represent mostly
UAG levels, and glucose and/or insulin concentrations
were found, consistent with distinct roles of AG vs. UAG
in glucose metabolism. The robust positive relationship
between AG levels, but not TG levels, and glucose con-
centrations under fed conditions could be involved in the
remarkable dissociation between AG and UAG that occurs
in response to fasting when glucose levels are low (13).

We measured plasma AG and serum TG levels using
commercially available RIAs and observed 24-h profiles
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very similar, both in wave shape and individual variability,
to those reported by Liu et al. (13) using two-site sandwich
assays for AG and des-acyl ghrelin. A recent comparison
of AG and TG concentrations assessed by RIA vs. two-site
sandwich assay on more than 800 samples indicated that
the RIA provides higher AG and TG values than the sand-
wich assays but that RIA-based values and sandwich as-
say-based values are strongly correlated both for AG (r =
0.78) and TG (r = 0.83) (17). The AG and TG values
measured in the present study are indeed higher and the
ratio of AG to TG levels is smaller than those reported using
a two-site sandwich assay, consistent with lower specificity
of RIAs. The design of our study involved, however, a within
subject comparison of the roles of time of day and sleep on
postprandial ghrelin responses to a robust signal, i.e. an 800-
kcal meal including 60% of carbohydrates. The signal to
noise ratio was high, and it is therefore unlikely that issues of
assay specificity confounded our findings.

A robust circadian variation of glucose and insulin re-
sponses to mixed meals has been well documented, with a
deterioration of glucose tolerance from morning to evening
(18). Because insulin release and, to a lesser extent rising
glucose levels, have been implicated in the rapid postmeal
inhibition of ghrelin, an impact of time of day on ghrelin
responses might have been expected. Moreover, the expres-
sion of ghrelin and the circadian clock proteins period 1 and
period 2 in the oxyntic cells of the stomach is rhythmic (8).
Unexpectedly, our data show that the degree of initial sup-
pression of AG and TG levels and their subsequent rebound
areindependent of time of day. This finding may indicate that
ghrelin release and acylation are not sensitive to physiolog-
ical variations of glucose and insulin levels within the range
of circadian variations of meal responses. Alternatively, there
may be a circadian variation in ghrelin sensitivity, with
greater morning than evening sensitivity, such that postmeal
suppression remains essentially constant across the day. The
rebound of ghrelin levels after the initial suppression by meal
intake is implicated in the increase in hunger and the initia-
tion of the following meal (6, 7). Within this context, our
findings would suggest that the orexigenic effect of ghrelin is
similar in the morning and evening.

Unlike all previous studies of human ghrelin physiol-
ogy, our study enforced rigorously controlled sleep-wake
and dark-light cycles and used polysomnography to eval-
uate the effect of sleep-wake transitions on ghrelin levels.
Thus, we were able to explore the determinants of the
nocturnal ghrelin increase, a robust phenomenon first re-
ported in 2001 (9). Because we used identical meals, we
were able to predict the magnitude of the rebounds of AG
and TG levels after the dinner meal. During sleep, these
rebounds were of lesser magnitude than predicted from
meal responses during wake, consistent with a dampening
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of the rebound. Furthermore, after the nocturnal ac-
rophase, a clear continuous decline of TG and AG levels
occurred until morning awakening, which coincided with
the resumption of stable concentrations. The AG to TG
ratio was lower during sleep than during wake, suggesting
that ghrelin-O-acyl-transferase activity may be decreased
during sleep, consistent with a reduction of orexigenic
signal. Taken together, these findings support an inhibi-
tory effect of sleep on ghrelin, consistent with the associ-
ation between sleeping and fasting and, conversely, be-
tween feeding and arousal. Although opposite findings
have been reported in some human studies that concluded
that ghrelin is a sleep-promoting factor (19-21), studies in
rodents have indeed shown that ghrelin injections pro-
mote waking (22, 23). Consistent with an inhibitory effect
of sleep on ghrelin, treatment of obstructive sleep apnea
with continuous positive airway pressure, a therapy that
increases sleep quality, results in lower TG levels (24).
Conversely, several studies have linked partial or total
sleep deprivation with elevated ghrelin levels (25-27).
Studies that manipulate sleep timing and duration under
well-controlled dietary conditions are warranted to fur-
ther elucidate the interactions between sleep regulation
and ghrelin release, acylation, and action.
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