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T

he 28 –amino acid peptide ghrelin was discovered in 1999 (1) to be the endogenous ligand of
the growth hormone secretagogue receptor
(GHSR) (2). The biological functions of ghrelin
have been the subject of intensive research (1,3–5). One
apparent physiological role of ghrelin is in the control of
eating and energy balance (1,3–7). Systemic ghrelin administration stimulates eating in rats and humans (1,5,8 –11).
Additionally, when administered directly into hypothalamus (as well as other brain sites; rev. in 12), ghrelin also
stimulates eating, perhaps via GHSR located in this part of
the brain (13). The orexigenic action of ghrelin can be
reduced by antagonism of endogenous ghrelin signaling by
administration of ghrelin antibodies either peripherally or
centrally (9,14,15), GHSR antagonists (16), or GHSR antisense mRNA (17). Furthermore, GHSR-null mice (Ghsr⫺/⫺
mice) that are fed a high-fat diet eat less and gain less
weight than control mice (18,19).
An important question that has received little attention
is whether there are sex differences in the orexigenic
effect of ghrelin. Prominent sex differences, predominately
mediated by estradiol (E2), have been reported in the
effects of several other endocrine signals that alter eating,
including cholecystokinin (CCK), pancreatic glucagon,
leptin, and insulin, all of which inhibit eating (6,20 –24).
Therefore, we investigated the estrogenic influences and
mechanisms of the acute eating-stimulatory effect of ghrelin in rats and in Ghsr⫺/⫺ mice. We first determined
whether the eating-stimulatory potency of intraperitoneal
(ip) or intra–third ventricular (i3vt) ghrelin differs in intact
male and female rats and if it is affected by ovariectomy
(OVX) in females or E2 treatment in OVX female or intact
male rats. We also assessed whether ip or iv3t ghrelininduced eating varies during the ovarian cycle in intact
female rats. Then, to investigate the role of ghrelin in
OVX-induced hyperphagia and weight gain, we assessed
the effects of OVX on plasma ghrelin levels and hypothalamic expression of the orexigenic neuropeptides NPY
(neuropeptide Y) and AgRP (Agouti-related protein), both
of which have been reported to increase in male rats after
ghrelin administration (3,5,9,25–27). Finally, to investigate
whether ghrelin plays a necessary role in the normal,
E2-mediated ovarian inhibition of eating and body weight
(22,28), we compared the effects of OVX in Ghsr⫺/⫺ and
wild-type mice. The collective results revealed substantial
and physiologically relevant sex differences in the acute
eating-stimulatory effect of ghrelin that are mediated in
large part by an activational effect of E2.
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Ghrelin, the only known orexigenic gut hormone, is secreted mainly from the stomach, increases with fasting and
before meal initiation in humans and rats, and increases
food intake after central or peripheral administration. To
investigate sex differences in the action of ghrelin, we
assessed the effects of exogenous ghrelin in intact male
and female rats, the effects of exogenous ghrelin in ovariectomized (OVX) and estradiol (E2)-treated female rats,
as well as the effects of OVX on plasma ghrelin and hypothalamic orexigneic neuropeptide expression in rats and
on food intake and weight gain in transgenic mice lacking
the ghrelin receptor (Ghsrⴚ/ⴚ mice). Male and OVX female
rats were significantly more sensitive than intact female
rats to the orexigenic effects of both centrally (intra–third
ventricular, i3vt, 0.01, 0.1, and 1.0 nmol) and systemically
(ip, 3, 6, and 9 nmol) administered ghrelin. This difference
is likely to be estradiol dependent because E2 attenuated
the orexigenic action of ghrelin in OVX female and male
rats. Furthermore, OVX increased food intake and body
weight in wild-type mice, but not in Ghsrⴚ/ⴚ mice, suggesting that OVX increases food intake by releasing ghrelin
from a tonic inhibitory effect of estradiol. In addition,
following OVX, there was an increase in plasma ghrelin that
was temporally associated with increased food intake, body
weight, and hypothalamic neuropeptide Y and Agoutirelated protein mRNA expression. Collectively, these data
suggest that estradiol inhibits the orexigenic action of
ghrelin in females, that weight gain associated with OVX is
ghrelin mediated, and that this endocrine interaction may
account for an important sex differences in food intake and
the regulation of body weight. Diabetes 56:1051–1058,
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dose of 0.1 nmol ghrelin were then assessed as above (these were the lowest
doses to reliably increase food intake in that experiment). In rats receiving E2
treatment, ghrelin was tested on the second day after E2 injections, which
models the day of estrus in intact rats (36).
We also tested whether the eating-stimulatory effect of ghrelin varies in
synchrony with either the cyclic exogenous E2 treatment regimen in OVX rats
or the ovarian cycle in intact rats. Twenty OVX rats were maintained on the
same chronic cyclic regimen of E2 treatment and, over a period of several
weeks, the effect of i3vt ghrelin or saline on food intake was assessed on each
of the four cycle days. Twenty intact females were similarly tested on each day
of their estrus cycle. A dose of 0.1 nmol ghrelin was used in each test.
Finally, 10 males were subcutaneously injected with 2 g of E2 and 10 with
the sesame oil vehicle and were administered i3vt ghrelin (0.01 nmol) or saline
2 days later. This dose of estradiol in males brings their plasma estradiol to
levels comparable to those of intact female rats (D.J.C., unpublished data).
Food intake was measured 1 and 2 h later.
Estrogenic modulation of the ip effects of ghrelin on spontaneous meal
patterns in rats. To determine how ip ghrelin affects spontaneous feeding
patterns, eight oil-treated OVX rats and eight OVX rats that received cyclic E2
treatment were maintained in computerized cages instrumented for the
measurement of spontaneous feeding patterns (ENV-23; Med Associates, St.
Albans, VT). Meal patterns were determined by photocell detection of the time
of removal of 45-mg chow pellets (Research Diets, New Brunswick, NJ) from
a feeding trough that was automatically replenished with a single pellet each
time one was removed. Ghrelin (6 nmol; Phoenix Pharmaceuticals, Belmont,
CA) in 1 ml/kg 0.15 mol/l saline or the saline vehicle alone was ip injected 6 h
before the onset of the dark on the second day after E2 injections. Data were
analyzed with TongueTwister software (37), with spontaneous meals defined
as feeding bouts of at least two pellets separated from other bouts by at least
15 min (36).
Food intake, plasma ghrelin, and hypothalamic orexigenic gene expression following OVX in rats. Forty OVX female and 40 sham-operated female
rats had food intake and body weight measured daily. At weekly intervals after
surgery, eight animals from each group were anesthetized with CO2 and
decapitated, and trunk blood and brains were collected (see below). Animals
had their food removed 12 h before time of death, and the animals were killed
4 h before the onset of the dark phase, a time before the endogenous peak in
plasma ghrelin levels (38). The plasma was stored at ⫺80°C until analyzed for
ghrelin using a human ghrelin radioimmunoassay kit (Phoenix Pharmaceuticals, Belmont, CA).
Effects of OVX on food intake and body weight in Ghsr⫺/⫺ mice. The
genotypes of offspring of Ghsr⫺/⫺ and wild-type mice were verified by PCR
using DNA isolated from mouse tails. Primers 5⬘-CCTGGCAGACAGAGCAC
CTG-3⬘ and 5⬘-CAGGTCAGTCAAGTCTGTCTC-3⬘ amplified an 842-bp band
from the wild-type allele, whereas primers 5⬘-CCTGGCAGACAGAGCAC
CTG-3⬘ and 5⬘-GCAGCGCATCGCCTTCTATC-3⬘ amplified a 630-bp band from
the knockout allele (19). Sixteen female mice of each genotype were observed
from weaning through puberty, which occurred at similar ages in both groups
(age at vaginal opening 45 ⫾ 2 days for both wild-type and Ghsr⫺/⫺). Both
groups of mice cycled normally after puberty. OVX was done at least 2 weeks
after vaginal opening. As reported previously (19), there were no differences
in body weight between in Ghsr⫺/⫺ and wild-type mice at this age. Completeness of OVX was confirmed by measuring uterine weight, which was at least
20 ⫾ 0.5% lower in all OVX mice than in intact mice.
Hypothalamic orexigenic gene expression. After the animals were killed,
brains were rapidly removed and placed in RNAlater (Ambion, Austin, TX)
and stored at 4°C overnight. The hypothalamus was dissected using the tuber
cinereum as the ventral landmark for cuts to remove the frontal lobe and
lateral and posterior portions of the brain. The cortex was peeled away from
the remaining ventral brain piece containing the hypothalamus, which was
then homogenized in 1 ml Tri Reagent (MRC, Cincinnati, OH). After bromochloropropane (MRC) addition and centrifugation, the RNA was recovered
from the aqueous phase by isopropanol precipitation and treated with the
DNA-free DNase Treatment and Removal Reagents (Ambion) to remove any
contaminating genomic DNA. cDNA was synthesized from 5 g total RNA
using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad,
CA) for RT-PCR. The cDNA was then diluted 1:3 in nuclease-free water and
stored at ⫺20°C. The integrity of the cDNA was confirmed by conventional
RT-PCR amplification of L32, the housekeeping gene. In addition, a control
reaction for each RNA sample was performed with no reverse transcriptase
enzyme added.
Quantitative real-time PCR. Each primer set was optimized such that the
correlation coefficient was 0.99 –1.0 and the PCR efficiency was 90 –100%.
Real-time PCR was performed in triplicate using an iCycler and the iQ SYBR
Green Supermix (BioRad, Hercules, CA) with two-step amplification (95°C for
10 s, annealing temperature for 30 s) for 40 cycles. L32 was amplified from
every sample for use as an endogenous control. For the data analysis, the
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Animals and surgery. The spontaneous feeding experiment was done at
Weill Medical College of Cornell University using female Long-Evans rats
(aged 60 – 65 days; Charles River, Wilmington, MA), and all of the other
experiments were conducted at the University of Cincinnati using male and
female Long Evans rats (age-matched, 60 – 65 days old; Harlan, Harlan, IN).
Additionally, breeding pairs of transgenic Ghsr⫺/⫺ and wild-type mice were
obtained from Dr. Joel Elmquist (Harvard Medical School, Boston, MA), and
adult female offspring were tested at the University of Cincinnati. Zigman et al.
(19) have previously described the generation and phenotype of these mice.
Except as noted, all animals were individually housed in Plexiglas tubs with
sterile bedding with ad libitum access to pelleted chow (Purina, St. Louis, MO)
and tap water and were maintained on a 12:12-h light-dark cycle in a
temperature-controlled vivarium accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All procedures were
approved by the Institutional Animal Care and Use Committee of the
University of Cincinnati or of Weill Medical College of Cornell University.
For the rats, surgeries were performed at least 7 days after arrival in the
laboratory. Rats were anesthetized with 1 ml/kg ip injections of a mixture of
70 mg/kg ketamine (Fort Dodge Animal Health, Fort Dodge, IA) and 2 mg/kg
xylazine (Lloyd Laboratories, Shenandoah, IA). For i3vt cannulation, rats were
placed in a stereotaxic instrument with the skull held horizontally. The sagittal
sinus was displaced laterally, and a 21-gauge stainless-steel guide cannula
(Plastics One, Roanoke, VA) was lowered directly on the midline, 2.2 mm
posterior to bregma, and 7.5 mm ventral to the dura and fixed to the skull with
anchor screws and dental acrylic. Obdurators that extended 0.5 mm beyond
the cannula tips were inserted. When rats regained their preoperative body
weights following surgery, placement of i3vt cannulas was confirmed in the
males by verifying that i3vt injection of 10 ng angiotensin II (American
Peptides, Sunnyvale, CA) in 1 l normal saline in water-replete rats elicited an
intake of at least 5 ml water within 60 min, as has been reported many times
(e.g., 29,30). Animals that did not meet this criterion were not used. For the
females, sated animals were injected with NPY (7.5 g) in the middle of the
light phase. Those animals that consumed ⱖ5 g of food within 30 min
following the injection were considered to have met the criteria and were used
in the experiments.
OVX was done via either midline laparotomies or bilateral flank incisions.
Ligatures were placed between the oviduct and the tip of the uterine horn
bilaterally, the fatty tissue between the ovary and the kidney was cut with a
thermocautery, and the ovaries were cut free and removed distal to the
ligature. OVX was performed using the same approach under aerosolized
isofluorane (Abbott Laboratories, North Chicago, IL). Intact female control
rats received a sham OVX in which the ovaries were exposed and briefly
manipulated but left intact.
Sex differences in the effects of ip and i3vt ghrelin on eating in rats. To
determine whether the feeding response to ip ghrelin differs in male and
female rats, 10 male (250 –275 g) and 20 age-matched female (aged 60 – 65
days, 220 –225 g) rats were used. Half of the females were OVX and half were
sham-operated. The OVX animals were allowed to recover for 4 weeks after
the procedure; at this time, as has been reported previously (24,31), food
intakes of OVX and intact rats were similar, but the OVX rats were significantly heavier. Rat ghrelin (3, 6, or 9 nmol; Phoenix Pharmaceuticals,
Belmont, CA) in 1 ml/kg 0.15 mol/l saline or the saline vehicle alone was ip
injected 6 h before the onset of the dark, and food intake was measured 30, 60,
90, and 120 min and 24 h later. Ghrelin doses were selected on the basis of
prior reports in male rats (9 –11,32,34), and animals received the different
doses in a counterbalanced design, with 4 –5 days between tests to ensure that
food intake and body weight recovered to baseline levels. Vaginal smears were
taken from the intact female rats each day to determine the phase of the estrus
cycle (35).
The effects of i3vt ghrelin were tested in separate groups of male, intact
female, and OVX rats, using the same general procedure except i3vt doses of
0.01, 0.1, or 1.0 nmol ghrelin in 1 l saline or the saline vehicle alone were
used. These doses have previously been reported to stimulate eating in male
rats (34).
Estrogenic modulation of ip and i3vt ghrelin’s eating-stimulatory
effects in rats. Male and OVX female rats were treated with E2 to determine
whether the orexigenic action of ghrelin is modulated by an activational effect
of estradiol. Twenty OVX and 10 sham-operated (intact) females received i3vt
cannulas. Ten of the OVX rats were maintained on a chronic cyclic E2
treatment regimen in which 2 g of E2 benzoate (Sigma, St. Louis, MO) in 100
l sesame oil (Sigma) or 100 l sesame oil as the control was subcutaneously
injected in the middle of the light phase each fourth day; this regimen
reproduces near-physiologic cyclic changes in plasma estradiol and is sufficient to normalize spontaneous feeding patterns, total food intake, and body
weight in OVX rats (36). The effects of an ip dose of 6 nmol ghrelin and an i3vt
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TABLE 1
Primer sequences used for qPCR
Gene

Primer sequences

T° C

L32

Forward: 5⬘-CAG ACG CAC CAT CGA AGT TA-3⬘ 61.2
Reverse: 5⬘-AGC CAC AAA GGA CGT GTT TC-3⬘
AgRP Forward: 5⬘-TTC CCA GAG TTC TCA GGT CTA-3⬘ 55
Reverse 5⬘-ATC TAG CAC CTC TGC CAA A-3⬘
NPY Forward: 5⬘-CTC TGC GAC ACT ACA TCA A-3⬘
61.2
Reverse 5⬘-GGG GCA TTT TCT GTG CTT T-3⬘
Primer sequences for each gene are presented with the annealing
temperature (T° C). RNA isolated from the dissected basomedial
hypothalamus and used for cDNA synthesis. Quantitative PCR was
then used to compare hypothalamic gene expression compared to
the L32 housekeeping gene.

RESULTS

Sex differences in the effects of ip and i3vt ghrelin on
eating in rats. Male and OVX female rats increased food
intake in response to ip ghrelin, but intact females did not.
Doses of 3, 6, and 9 nmol ghrelin each significantly increased
1-h food intake in OVX females but were not effective in
intact females (Fig. 1A). The 6- and 9-nmol doses increased
1-h food intake in males. The lowest dose of i3vt ghrelin (0.01
nmol) increased 1-h food intake in males and OVX females
but not in intact females (Fig. 1B). The 0.1- and 1.0-nmol
ghrelin doses increased food intake in all three groups by
amounts that were statistically distinguishable.

FIG. 1. Ghrelin increases food intake in males and OVX females but not in intact female rats. A: Intact males (Male; n ⴝ 10), OVX females (OVX;
n ⴝ 10), and intact females (Intact; n ⴝ 10) were administered ghrelin peripherally (3, 6, and 9 nmol ghrelin and vehicle alone [saline, in similar
volume]) on different days in counterbalanced order. B: Intact males (Male; n ⴝ 10), OVX females (OVX; n ⴝ 10), intact females (Intact; n ⴝ 10)
were administered ghrelin centrally (0.01, 0.1, and 1.0 nmol ghrelin/1 l) and vehicle alone (saline, 1 l) on different days in counterbalanced
order. Data are expressed as means ⴞ SEM percent of vehicle. Repeated-measures ANOVA revealed that ghrelin significantly increased 1-h food
intake (A and B) in intact males and OVX females but not in intact females. aP < 0.05 vs. vehicle; bP < 0.05 vs. vehicle and 0.01 nmol ghrelin.
DIABETES, VOL. 56, APRIL 2007
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average threshold cycle (CT) of each set of triplicates was calculated. Then, to
normalize the data, the ⌬CT was calculated for each sample by subtracting the
average CT of L32 from the average CT of the gene of interest. For relative
quantification, the ⌬CT was averaged for the defined control group and was
then subtracted from the ⌬CT of each experimental sample to generate the
⌬⌬CT. The ⌬⌬CT was then used to calculate the approximate fold difference,
2⌬⌬CT (for primer sequences and annealing temperatures, see Table 1).
Statistical analyses. Food intake and meal pattern data were analyzed by
two-way ANOVA, with drug dose a within-subjects factor and “sex status” (i.e.,
intact or estradiol-treated male, estradiol-treated or untreated OVX, or intact
female) as a between-subjects factor. Because in all experiments the effects of
ghrelin on cumulative food intake were clearest in the 1-h data, but comparable in all respects up to 2 h postinjection, and were gone by 24 h, only 1-h
data are presented below. In the spontaneous feeding tests, latency to the first
meal and intermeal interval data were logarithmically transformed for normality. Hypothalamic NPY and AgRP mRNA expression, relative to L32, were
calculated as percents of male baseline average and then analyzed by one- or
two-way ANOVA. The bases of significant main effects and interactions were
assessed by post hoc Bonferroni tests. Minimum significance was ␣ ⬍ 0.05.
Data are expressed as means ⫾ SEM throughout.

Estrogenic modulation of eating induced by ip and
i3vt ghrelin in rats. As in the first experiment, oil-treated
OVX rats increased food intake after receiving ip ghrelin
(Fig. 2A) or i3vt ghrelin (Fig. 2B), whereas E2-treated OVX
rats were unresponsive. When ghrelin was administered
i3vt to OVX rats receiving E2 on specific days simulating
the normal estrus cycle, ghrelin significantly increased
food intake on days 1 and 2 of the treatment cycle, which
simulate diestrus (Fig. 2C). In contrast, i3vt ghrelin had no
effect on food intake in the same rats on days 3 and 4 of the
treatment cycle, which model proestrus and estrus, respectively. Similarly, in intact females, i3vt ghrelin increased food intake when the rats were in diestrus, but
had no effect during proestrus or estrus (Fig. 2D). Finally,
whereas untreated males increased food intake in response to i3vt ghrelin, estradiol-treated males did not (Fig.
3).
Consistent with previous reports (22,28,31,36,39), when
tested several weeks post-OVX, estradiol-treated rats ate
smaller but more frequent spontaneous meals than oiltreated controls, and total daily food intake did not differ
between groups. Ghrelin (6.0 nmol ip) significantly increased food intake in oil-treated OVX rats by decreasing
the latency to onset of the next spontaneous meal after
injection, and there was a nonsignificant decrease in the
duration of the following intermeal interval, with no
increase in meal size (Table 2). Ghrelin had no detectable
effect on food intake or meal patterns in estradiol-treated
rats.
Food intake, plasma ghrelin levels, and hypothalamic
orexigenic gene expression following OVX. Again, as
expected from previous data (22,31,39), OVX caused a
permanent increase in body weight, which was significant
beginning week 2 after OVX (Fig. 4A), and a transient
increase in food intake, which was significant during
weeks 2– 4 after OVX (Fig. 4B). The period of hyperphagia
and rapid weight gain was associated with increased
plasma ghrelin during weeks 2– 4 after OVX (Fig. 5),
increased hypothalamic NPY mRNA during week 2 after
OVX (Fig. 6A), and increased hypothalamic AgRP mRNA
during weeks 1–3 after OVX (Fig. 6B).
Effects of OVX on food intake and body weight in
Ghsr⫺/⫺ mice. As expected (22,28), in wild-type mice
OVX caused a permanent increase in body weight gain,
which was significant beginning day 8 after OVX (Fig. 7A),
and a transient increase in food intake, which was signif-
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icant on days 1–14 after OVX (Fig. 7B). In contrast, in the
Ghsr⫺/⫺mice OVX had no effect on food intake or body
weight gain.
DISCUSSION

Gonadal hormones potently control eating in female animals, mainly via activational effects of E2 (22,28,31). In

TABLE 2
Effects of intraperitoneal injection of 6.0 nmol ghrelin on spontaneous feeding parameters in estradiol-treated and vehicletreated OVX rats
Vehicle-treated
Ghrelin
Saline
(n ⫽ 8)
(n ⫽ 8)

Estradiol-treated
Ghrelin
Saline
(n ⫽ 8)
(n ⫽ 8)

M1 latency
(min)
28.8 ⫾ 15.0 1.8 ⫾ 1.2* 16.2 ⫾ 8.4 19.2 ⫾ 5.3
M1 size (g)
1.6 ⫾ 0.3
1.2 ⫾ 0.2 0.6 ⫾ 0.2† 0.7 ⫾ 0.2
M1–2 IMI (min) 158 ⫾ 20
115 ⫾ 30
60 ⫾ 17†
52 ⫾ 14
M2 size (g)
2.0 ⫾ 0.7
1.8 ⫾ 0.7 0.9 ⫾ 0.3† 1.0 ⫾ 0.4
2-h food intake
(g)
1.6 ⫾ 0.4
2.5 ⫾ 0.4* 1.5 ⫾ 0.3
1.4 ⫾ 0.2
2-h meal no.
1.0 ⫾ 0.3
1.6 ⫾ 0.2 2.0 ⫾ 0.4† 2.0 ⫾ 0.3

FIG. 3. i3vt ghrelin increases food intake in males but not in males
administered estradiol. Control males (Male; n ⴝ 10) and males
injected subcutaneously with 2 g 17␤-estradiol benzoate (2 days
earlier to mimic plasma estradiol levels of females in estrus) (Male ⴙ
E; n ⴝ 10) were administered i3vt ghrelin (0.01 nmol/1 l saline) and
vehicle (1 l saline) on separate days. Data are expressed as means ⴞ
SEM percent of vehicle baseline. aP < 0.05 vs. vehicle.
1054

Data are means ⫾ SEM. M1 latency is the latency to the onset of the
first nocturnal meal; M1 size and M2 size are the sizes of the first and
second nocturnal meals, respectively; M1–2 IMI is the interval between these meals; 2-h food intake (g) is the cumulative food intake
during the first 2 h of the dark phase; and 2-h meal no. is the number
of meals begun during these 2 h. ANOVA revealed a significant
interaction (E2 ⫻ ghrelin) effect for M1 latency (F1,26 ⫽ 4.92); a
significant main effect of ghrelin for 2-h food intake (F1,26 ⫽ 3.57);
and significant main effects of E2 for M1 size (F1,26 ⫽ 10.54), M1–2 IMI
(F1,26 ⫽ 12.38), M2 size (F1,26 ⫽ 8.35), and 2-h meal no. (F1,26 ⫽ 6.87).
*Significant difference between ghrelin and saline injection values in
vehicle-treated rats (Bonferroni test, P ⬍ 0.05); †significant difference between saline values in vehicle-treated and in estradiol-treated
rats (Bonferroni test, P ⬍ 0.05).
DIABETES, VOL. 56, APRIL 2007
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FIG. 2. Estradiol decreases hyperphagia elicited by ip and i3vt ghrelin. A: Vehicle-treated OVX females (OVX ⴙ V; n ⴝ 10) and OVX females
injected subcutaneously with 2 g 17␤-estradiol benzoate (OVX ⴙ E; n ⴝ 10) were administered ghrelin ip (6 nmol) and vehicle (saline in the
same volume) on separate days and tested on the second day after injections. B: OVX ⴙ V (n ⴝ 13) and OVX ⴙ E (n ⴝ 10) were administered i3vt
ghrelin (0.1 nmol/1 l) and vehicle (saline, 1 l). C: OVX ⴙ V (n ⴝ 13) and OVX ⴙ E (n ⴝ 14) were administered i3vt ghrelin (0.1 nmol/1 l) and
vehicle (saline, 1 l) on different days mimicking the estrus cycle. Day 1 simulates diestrus 1, day 2 simulates diestrus 2, day 3 simulates
proestrus, and day 4 simulates estrus. D: Intact females were tracked across their estrus cycles (E ⴝ estrus, P ⴝ proestrus, D1 ⴝ diestrus day
1, and D2 ⴝ diestrus day 2) and were administered i3vt ghrelin (0.1 nmol/1 l) and vehicle (saline, 1 l) on different days of the estrus cycle. Data
represent eight animals per cycle day. Data are expressed as means ⴞ SEM. aP < 0.05 vs. saline.

D.J. CLEGG AND ASSOCIATES

rats and mice, E2 exerts a tonic inhibitory effect on meal
size and daily food intake throughout the ovarian cycle
and a phasic or cyclic inhibitory effect during the periovulatory phase (21,22,28,40), and abrogation of these
effects leads to hyperphagia and obesity. A similar periovulatory decrease in daily food intake occurs in women,
and there may be increases in eating after menopause that
parallel the tonic effect of E2 in animals (41). The present
data demonstrate that these estrogenic effects on eating in
rats and mice involve substantial E2-mediated sex differences in the acute eating-stimulatory effect of the putative
hunger signal ghrelin.
We first found that the potency of exogenous ghrelin to
acutely stimulate feeding is less in intact female rats than
in male rats or OVX females (Fig. 1). That is, whereas ip or
i3vt ghrelin administration led to reliable increases in
feeding in intact male rats (as has been reported several
times before [9 –11,32–34]) and OVX females, the threshold
for a significant effect by either route of administration
was at least a log unit more in intact females than in males
or OVX females. Furthermore, when OVX rats were
treated with E2, moderate ip or i3vt doses of ghrelin no
longer stimulated eating (Fig. 2A and B). These data
indicate that E2 affects the ghrelin signaling pathway so as
to substantially reduce the orexigenic potency of ghrelin.
Thus, careful attention to sex differences and gonadal

FIG. 5. OVX transiently increases plasma ghrelin. OVX (n ⴝ 8/week)
and intact females (Intact; n ⴝ 8/week) were killed each week following surgery. Animals were killed in the middle of the light phase
following 24-h food deprivation. Data are expressed as means ⴞ SEM.
a
P < 0.05 vs. intact females.
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hormone status should be included in the development of
any ghrelin-based clinical control of eating. Finally, E2
also reduced the eating-stimulatory effect of i3vt ghrelin in
male rats (Fig. 3), indicating that the estrogenic effect
exists in both sexes, another point of potential therapeutic
relevance.
We also demonstrate that the eating-stimulatory effect
of ghrelin varies across different phases of the ovarian
cycle in intact rats. Although i3vt ghrelin had no reliable
overall effect when cycle day was not taken into account
(Fig. 1), when cycle day was considered, i3vt ghrelin
increased eating during diestrus 1 and diestus 2 but not
during proestrus or estrus (the latter being the periovulatory phase in this species; see Fig. 2D). Furthermore,
cyclic E2 treatment in OVX rats showed that E2 mediates
this effect of ghrelin as well. That is, in E2-treated OVX
rats, ghrelin increases eating on the days that modeled
diestrus in intact rats, but not on the days that modeled
proestrus and estrus (Fig. 2C). Our data therefore suggest
that the cyclic variation in eating in rats and mice, in which
spontaneous food intake is maximal during diestrus and
minimal during estrus, and the analogous peri-ovulatory
decrease in eating in women may be due to changes in
estrogenic tone on ghrelin’s eating-stimulatory action.
The feeding-inhibitory effect of E2 in OVX rats, as well
as the peri-ovulatory decrease in food intake during the
ovarian cycle in rats, is manifest purely as a decrease of
meal size (36,39). However, we observed that the decrease
in the acute feeding-stimulatory effect of ip ghrelin in
E2-treated OVX rats is expressed as an increase in the
latency to eat, with no change in meal size (Table 2).
Consistent with this, Faulconbridge et al. (42) also observed that i3vt ghrelin reduced the latency of male rats
to eat with no change of meal size. In a test of male mice
under conditions when ghrelin led to more prolonged
stimulation of feeding than in these experiments, however, ip ghrelin selectively increased meal size without
affecting meal frequency (43). This issue warrants further investigation.
In rats and mice, food intake increases for about a
month after OVX and then returns to near-normal levels,
so that the initial hyperphagia-induced weight gain is
maintained permanently (22,28,31,39). We therefore investigated the effects of OVX on basal plasma ghrelin levels
and on hypothalamic orexigenic neuropeptide signaling,
which has been related to ghrelin in male rats (3,5,9,25–
27). There were two important findings. First, plasma
ghrelin levels were increased during the period of OVXinduced hyperphagia and rapid weight gain (Figs. 4 and 5).
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FIG. 4. OVX increases food intake and body weight. OVX (n ⴝ 14) and intact females (Intact; n ⴝ 15) had body weights (A) and food intake (B)
assessed weekly for 5 weeks. Surgeries were performed midway through the first week as indicated. Data are expressed as means ⴞ SEM. aP <
0.05 vs. intact females.
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These data extend a previous report of brief increases in
ghrelin secretion following OVX and normalization with
E2 treatment in peri-pubertal rats (52). Taken together,
these data indicate that, in addition to decreasing ghrelininduced orexigenic signaling as described above, E2 may
downregulate the orexigenic effect of ghrelin by reducing
ghrelin secretion. Consistent with this association between plasma ghrelin levels and eating after OVX in rats,
ghrelin levels also increase in postmenopausal women
(44).
Second, we demonstrate that OVX leads to increases in
hypothalamic AgRP and NPY mRNA expression (weeks
1–3 after OVX; Fig. 6). Although OVX and E2 treatment
have previously been reported to regulate hypothalamic
NPY mRNA (rev. in 22), this is the first report of increased
AgRP mRNA after OVX. Furthermore, the close temporal
association between increased hypothalamic AgRP mRNA
signaling and hyperphagia after OVX suggest that AgRP
might be an important mediator of OVX-induced eating.
Our data do not disclose, however, whether hypothalamic
orexigenic neuropeptide signaling is normally tonically
inhibited via a direct, hypothalamic action of E2 that is
independent of ghrelin or as an indirect consequence of E2
downregulation of ghrelin secretion. The latter possibility
is consistent with reports that ghrelin regulates hypotha-

lamic orexigenic neuropeptide signaling in male rats
(3,5,9,25–27).
To assess the importance of ghrelin signaling in OVXinduced hyperphagia and obesity, we tested the effect of
OVX in Ghsr⫺/⫺ mice lacking the GHSR. These mice,
which before surgery were similar to wild-type mice in
body weight and food intake, showed no increase in food
intake or body weight gain OVX (Fig. 7). We interpret this
to indicate that E2 tonically inhibits endogenous ghrelin
signaling in mice and that release from this inhibition is
necessary for OVX to increase food intake and body
weight. Presumably the same estrogenic inhibition of
ghrelin signaling reduces the eating-stimulatory effect of
exogenous ghrelin described above. This mechanism is
also likely to contribute to other sex differences in eating
and weight regulation previously reported in Ghsr⫺/⫺
mice. For example, Zigman et al. (19) reported that female
Ghsr⫺/⫺ mice accumulated less body weight and adiposity
on both diets. Also, the magnitude of the differences in
adiposity observed between Ghsr⫺/⫺ and wild-type mice
were greater in females than in males Thus, ghrelin
signaling appears a necessary component of the estrogenic
control of eating and weight regulation and the sex differences that they cause.
Finally, because the site of the GHSR mediating eating

FIG. 7. OVX increases food intake and body weight in wild-type but not Ghsr⫺/⫺ female mice. OVX wild-type (WT OVX; n ⴝ 8), intact wild-type
females (WT; n ⴝ 8), OVX Ghsr⫺/⫺ (Ghsr⫺/⫺ OVX; n ⴝ 8), and intact Ghsr⫺/⫺ females (Ghsr⫺/⫺; n ⴝ 8) had change in body weight (% change) (A)
and food intake (B) assessed daily for 25 days. Surgeries were performed on the first day. Data are expressed as means ⴞ SEM. aP < 0.05 vs. WT
females.
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FIG. 6. OVX transiently increases orexigenic gene expression. OVX females (OVX; n ⴝ 8/week) and intact females (Intact; n ⴝ 8/week) were killed
each week following surgeries. A: NPY mRNA. B: AgRP mRNA. Data are expressed as means ⴞ SEM percent of intact female values at week 0. aP <
0.05 vs. intact baseline.
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remains unclear (12,25,26,45), our data may reflect E2mediated sex differences in the actions of ghrelin on its
receptors in one or more of the central and peripheral
sites. Within the brain, GHSR in the arcuate nucleus (Arc),
paraventricular nucleus, ventral tegmental area, and dorsal vagal complex have been implicated in ghrelin’s eatingstimulatory effect in males (13,32,42,45– 48). Because ip
and i3vt ghrelin may reach all of these sites and all of them
contain estrogen receptors, each is a potential mediator of
the sex difference observed here. We previously reported
(24) that microinjections of E2 into the third ventricle
increase the eating-inhibitory effect of exogenous leptin.
Because ghrelin and leptin appear to act through the same
Arc NPY/AgRP neurons to control eating, and because
these same neurons express estrogen receptor (ER)-␣
(rev. in 50), it is possible that our results reflect a direct
estrogenic action on Arc neurons, but this remains to be
proven. In apparent contrast, Currie et al. (49) failed to
find any sex difference in the effects of direct Arc or PVN
microinjections of 15, 30, or 60 pmol ghrelin. However,
because they did not monitor ovarian cycling, and it is
possible that their female rats were acyclic (i.e., in a
constant diestrus-like state), in which case, as discussed
above, one might expect an artificial increase in ghrelininduced eating. It is also possible that an estrogenic action
on NTS (nucleus tractus solitarius) neurons contributes to
the effects we observed. This is because Thammacharoen
et al. (51) reported that exogenous E2 acts in ER␣expressing neurons in the NTS to inhibit eating, and
ghrelin microinjection into the NTS stimulates eating in
male rats (42).
In conclusion, the present findings increase our understanding of the mechanisms underlying the estrogenic
regulation of eating and body weight in rats and mice and
provide a potential basis for better understanding the
control of these functions in women, in whom changing
stages of reproductive function, including puberty, the
ovarian cycle, and menopause, are associated with marked
alterations in vulnerability to eating disorders and obesity.
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