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Abstract

Estradiol is a potent hypophagic agent that reduces food intake and body weight without a concomitant fall in plasma leptin levels. We
investigated whether the hypophagic effect of estradiol is mediated by stimulating POMC and/or inhibiting NPY neuronal pathways in the
hypothalamus, which respectively inhibit and stimulate feeding. We examined hypothalamic gene expression of Ob-Rb, NPY, POMC,
MC4-R, and AgRP in intact Wistar rats treated with estradiol for 48 hours. Food intake and body weight were reduced in estradiol-treated
rats but fat mass was unchanged; plasma leptin and insulin levels were not significantly different from untreated, freely fed controls. In
untreated rats that were pair-fed to match the estradiol-treated group, body weight was also reduced without changes in fat mass, although
leptin and insulin levels decreased significantly. Ob-Rb expression was increased in both hypophagic groups despite serum leptin were only
decreased in pair-fed animals, suggesting an estradiol-stimulating effect on Ob-Rb expression. No significant differences were found in
POMC, AgRP, or MC4-R expression among any of the experimental groups. A significant but small decrease in NPY expression was also
found in both hypophagic groups; this was explained by the combined effect of both surgery and reduced food intake. These results indicate
that estradiol mediated hypophagia in intact rats could be brought about by an enhanced hypothalamic leptin sensitivity but is unlikely to
be driven by changes in NPY or melanocortin system. © 2004 Elsevier Inc. All rights reserved.
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1. Introduction tides the melacortins and corticotropin-releasing hormone
(CRH).

The arcuate nucleus (ARC) is a key hypothalamic site
involved in food intake and body weight. Some ARC neu-

rons express NPY, the injection of which into the third

The anorectic effect of estradiol is well documented.
Food intake falls just after the estradiol peak in proestrus[1]
and also on the last day of preghancy when estradiol peaks

[2]. Administration of estradiol to intact or ovariectomized
rats causes a transient decrease in food intake and body
weight [3,4]. The centra mechanisms of estradiol-induced
hypophagia are not fully understood. Estradiol injection into
the media preoptic nucleus (MPN) [5] or in the paraven-
tricular nucleus (PVN) [6] decreases food intake. These
sites, especially the PVN, are crucia in coordinating the
effects of numerous neural pathways on energy homeosta-
sis, including those containing the appetite-stimulating pep-
tide neuropeptide Y (NPY) and the appetite-inhibiting pep-
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ventricle or PVN potently increases food intake [7-9].
These neurons also express the long form of the leptin
receptor (Ob-Rb) [10,11] and are inhibited by leptin[12,13].
A separate population of ARC neurons expresses proopio-
melanocortin (POMC), the precursor of «-melanocyte—
stimulating hormone (a-MSH), which powerfully inhibits
feeding through the hypothalamic melanocortin-3 and mela-
nocortin-4 receptors (MC3-R and MC4-R, respectively)
[14,15]. POMC is also colocalized with Ob-Rb [16], and its
expression is stimulated by leptin [17,18]. These opposing
neuropeptide systems interact at different levels. The NPY
neurons co-express agouti-related peptide (AgRP) [19], an
antagonist at MC4-R [20], which reinforces the action of
NPY by inhibiting the action of a-MSH. In addition, NPY
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neurons are thought to inhibit POMC neurons via NPY Y
receptors [21], whereas the POMC neurons may inhibit
NPY expression and release via MC3-R [22].

Previous studies suggest that estradiol may stimulate
CRH neurons and/or inhibit NPY neurons. The presence of
estradiol receptors and CRH in MPN neurons together with
the attenuation of estradiol-mediated hypophagia after the
administration of a CRH antagonist supports arole for CRH
in the hypophagic effects of estradiol [5,23]. ARC NPY
neurons also carry estradiol receptors [24,25] as well as
NPY expression and peptide concentration in the PVN de-
crease after estradiol administration [26,27]. Nonetheless,
all of these studies were carried out in ovariectomized rats,
which have a higher food intake and are heavier than intact
animals [28,29].

In this study, we examined whether exogenous estradiol
alters gene expression of not only NPY but also the other
components of the system (namely, hypothalamic Ob-Rb,
POMC, MC4-R, and AgRP), as their balance clearly con-
trols food intake under normal condition and other physio-
logical adjustments. We studied rats treated with estradiol to
reach the physiological levels known to reduce both food
intake and body weight [3,30]. Intact rats were used because
ovariectomy increases hypothalamic NPY expression [27]
and protein content in PVN [29], whereas it decreases hy-
pothalamic CRH inmunoresactivity [31], with these effects
being reverted by estradiol administration [26,32]. Thermo-
neutrality was selected to avoid thermoregulatory require-
ments influencing food intake [33]. To alow for any non-
specific effects of underfeeding and weight loss, mMRNA
levels of the hypothalamic neuropeptides and receptors
were also examined in freely fed, untreated controls and in
untreated rats that were pair-fed to match the intake of the
estradiol-treated rats.

2. Methods and materials
2.1. Animals

Female Wistar rats (180—200 g) were housed in individ-
ual cages and maintained at 28°C (thermoneutrality) with a
dark:light cycle of 12-hour light, 12-hour dark (lights on at
8 AM). Each rat's estrous cycle was assessed for 4 days
before the experiment with the estrous phase defined as day
0 of the experiment. Animas were divided into three
groups: 1) rats freely fed and estradiol-treated; 2) those
untreated; and 3) those freely fed, untreated, and pair-fed to
match theintake of the estradiol-treated group. All untreated
animalsreceived an empty Silastic capsule (0.5 cmlong; 3.2
mm OD; 1.5 mm ID; Dow Corning, Midland, MI), im-
planted subcutaneously between the scapulae under halo-
thane anesthesia. In the estradiol-treated group the capsule
was filled with 6.1 £ 0.2 mg of 17B-estradiol (Sigma
Diagnostics, St. Louis, MO) and released 0.15-0.20 mg
daily. The pair-fed rats received an empty Silastic capsule

and were given the average food intake of the estradiol-
treated group on the appropriate day after implantation. All
rats were given a commercial diet (Panlab, Barcelona,
Spain) containing 66.7% carbohydrate, 19.3% protein, 3.4%
fat, 4.9% cdlulose, and 5.7% mineral (w/w). Food intake,
body weight and estrous cycle phase were monitored daily,
and the animals were maintained in accordance with the
principles of The Council of European Communities (86/
609 EEC).

After 2 days of treatment, animals were killed by decap-
itation between 10 AM and 12 noon, and blood trunk was
collected and allowed to clot on ice. Serum was obtained
and stored at —80°C until analysis. Left-sided white adipose
tissue (WAT) pads (inguinal, parametrial, retroperitoneal,
perirenal, and periovarian) were dissected and weighed. The
hypothalamus was dissected en bloc under a binocular mi-
croscope, from a frontal slice between the optic chiasm and
the mammillary bodies, cutting immediately below the an-
terior commissure and vertically through each perihypotha-
lamic sulcus [34].

2.2. Serum assays

Serum leptin and insulin concentrations were determined
with commercial RIA kits from Linco Research (St. Louis,
MO). The intra- and interassay coefficients of variation
were 4.6% and 5.7% for leptin and 4.6% and 10.8% for
insulin. Serum estradiol was determined using acommercial
RIA kit (DiaSorin, Saluggia, Italy), with intra- and interas-
say coefficients of variation being 8.0% and 9.7%, respec-
tively.

2.3. Measurement of hypothalamic gene expression using
reverse transcriptase—polymerase chain reaction

Total RNA was extracted using TriReagent (Sigma Di-
agnostics, St. Louis, MO), according to the manufacturer’s
instructions. To avoid DNA contamination, samples were
treated with DNase | (Roche Molecular Biochemicals,
Mannheim, Germany) for 15 minutes at 37°C followed by
incubation at 75°C for 5 minutes to inactivate the enzyme.
First-strand complementary DNA (cDNA) was prepared
from total RNA by using a Reverse-iT first strand synthesis
kit (ABgene, Surrey, UK) inafina volume of 20 uL. Using
0.2 mL Thermo-tube (ABgene), 0.5-1.0 wg RNA sample
was added with 0.5 ug of anchored oligo-dT and free
DNase, RNase water (Sigma Diagnostics) in afinal volume
of 13 uL. Samples were heated to 70°C for 5 minutes to
remove any secondary structures and then placed on ice. A
quantity of 4 uL of 5xfirst-strand synthesis buffer, 2 uL of
dNTP mix (5 mmol/L each), and 1 uL of reverse transcrip-
tase (Reverse-iT RTase Blend) was added to each tube.
Samples wereincubated at 47°C for 30 minutes followed by
exposure at 75°C for 10 minutes to inactivate the RTase.
Polymerase chain reaction (PCR) was performed in a final
volume of 25 pL: 2 puL c-DNA, 0.5 uL of sense and
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Table 1

Oligonucleotide primers used for RT-PCR amplification of Ob-Rb, NPY, POMC, MC-4 R, AgRP, and HPRT

Target Primer Sequence Concentration Cycles Temperature Size

(ng RNA/uL) (no.) (0 (bp)

Ob-Rb
Sense 5 -TGAAACATTTGAGCATCTTT-3' 1.0 34 54.5 370
Antisense 5-CGATGCACTGGCTGACAGAA-3'

NPY
Sense 5-CGCCATGATGCTAGGTAAC-3' 05 30 54.0 379
Antisense 5'-CAGACTGGTTTCACAGGATG-3’

POMC
Sense 5-CCTGTGAAGGTGTACCCCAATGTC-3' 05 30 58.0 266
Antisense 5-CACGTTCTTGATGATGGCGTTC-3’

MC-4 R
Sense 5 -TATGGTACTGGAGCGCGTAA-3' 05 35 60.5 370
Antisense 5'-TCAGACGGAGGATGCTATGA-3'

AgRP
Sense 5-AGAGTTCTCAGGTCTAAGTCT-3' 1.0 32 58.0 210
Antisense 5-CTTGAAGAAGCGGCAGTAGCACGT-3'

HPRT
Sense 5-CAGTCCCAGCGTCGTGATTA-3' 05 30 58.0 138
Antisense 5-AGCAAGTCTTTCAGTCCTGTC-3'

Concentrations of RNA used, number of cycles, and annealing temperature selected together with the size of generated cDNA products are also indicated.

antisense primers at 0.02 mmol/L and 22 uL of 1.1 X
Reddy Mix PCR Master Mix (ABgene), which contains 1.5
mmol/L Mg Cl,, 1.25 units Taq polymerase, 75 mmol/L
TrisHCI (pH 8.8 at 25 °C), 20 mmol/L (NH,), SO,, 0.01%
Tween 20 (v/v), 0.2 mmol/L each of dATP, dCTP, dGTP,
and dTTP, and precipitant and red dye for electrophoresis.

PCR primers used to amplify Ob-Rb, NPY, POMC,
MC4-R, AgRP, and house-keeping gene hypoxanthine-
phosphoribosyl transferase (HPRT) are listed in Table 1.
PCR amplification was performed on a PCR express ther-
mal cycler (Hybaid, Ashford, UK). After initial denatur-
ation at 94°C for 5 minutes, samples were subjected to
amplification cycles (Table 1) that consisted of denaturation
at 94°C for 25 seconds, annealing for 30 seconds at an
optimal temperature for each gene (Table 1), and extension
at 72°C for 30 seconds. After the last cycle, samples under-
went final elongation at 72°C for 10 minutes.

PCR products were visualized on a 1.0 % agarose gel
containing 0.4% (v/v) ethidium bromide (Sigma Diagnos-
tics) and the band density was analyzed with Kodak 1D
Image Analysis System (Kodak Digital Science, Eastman
Kodak Company, Rochester, NY).

2.4. Satigtical analyses

One-way analysis of variance (ANOVA) was performed
to compare food intake, body weight, WAT deposit weight,
concentrations of serum estradiol, leptin, and insulin, and
specific PCR products (namely, Ob-Rb, NPY, POMC,
MCA4-R, and AgRP). The Student-Newman-Keuls test was
used for post hoc comparisons. Data are shown as mean *+
SEM. A value of P < 0.05 was considered to be statistically
significant.

3. Results

3.1. Metabolic and weight changes

Estradiol treatment increased serum estradiol concentra-
tion to values similar to those in proestrus (Table 2) and also
induced estrous-like changesin vaginal epithelium (data not
shown). Food intake was reduced in al three groups 24
hours after capsule implantation, but freely fed controls
recovered their initial food intake by 48 hours. By contrast,
estradiol-treated rats showed a continuing reduction in food
intake that was 32% below controls at the moment of
sacrifice (Fig. 1A). At 48 hours, body weight was increased
by 1% in controls whereas a significant decline was ob-
served in both estradiol-treated (—1.5%, P < 0.05) and
pair-fed (—0.5%, P < 0.05) groups (Fig. 1B). There were
no significant differences in fat masses among any of the
groups (Table 2). A positive correlation was found between
total fat mass and leptin levels in untreated groups (r =
0.786, P = 0.021), whereas estradiol-treated did not show
any correlation. Serum leptin and insulin levels were re-
duced in pair-fed rats but unaffected with estradiol admin-
istration (Table 2).

3.2. Hypothalamic gene expression changes

The RT-PCR generated products for hypothalamic genes
(Ob-Rb, NPY, POMC, MC4-R, AgRP, and HPRT) were
detectable in the hypothalamus of al the rats (left panels of
figures). Ob-Rb mRNA levels were significantly increased
above controls in both estradiol-treated (24%, P < 0.05)
and pair-fed (39%, P < 0.01) groups, with no significant
difference between these two groups (Fig. 2).
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Table 2
Body weight, visceral white adipose tissue (WAT) deposits, and serum estradiol, leptin, and insulin concentrations in control, estradiol, and pair-fed rats
Control Estradiol Pair-fed

Body weight (g)

Initial 200.3 = 2.0 1979+ 19 1979+ 23

Final 2023+ 2.12 195.0 * 1.6° 197.0 = 1.92°

Gain 20+ 09° -29=+07° -09 =+ 1.0°
Visceral WAT deposits (g)* 3.93 = 0.30 3.29 = 0.23 346 = 0.22
Estradiol (nmol/L) 0.076 = 0.034* 0.636 = 0.146° 0.060 = 0.020%
Leptin (nmol/mL) 0.42 + 0.08% 0.52 = 0.06% 0.17 + 0.03°
Insulin (nmol/mL) 0.26 = 0.03* 0.28 = 0.03* 0.14 + 0.03°

Data are expressed as mean = SEM of eight animals each group.

* Sum of inguinal, parametrial, retroperitoneal, periovaric, and perirenal left-sided depots.
Different superscript letters indicate differences of P < 0.05 between the experimental groups (by one-way analysis of variance).

NPY mRNA levels were dightly but significantly low-
ered in both estradiol-treated groups (6%, P < 0.05) and
pair-fed groups (9%, P < 0.01) compared with controls,
with no significant difference between these two groups
(Fig. 3). A negative correlation was found between NPY
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Fig. 1. Food intake (A) and body weight (B) in rats receiving estradiol
during 2 days of treatment or pair-fed to the estradiol group. Each point
represents mean = SEM of eight animals. Different superscript letters
indicate differences of P < 0.05 between the experimental groups by
one-way analysis of variance.

and Ob-Rb levels in untreated groups (r = 0.525, P =
0.037), whereas estradiol-treated did not show any correla-
tion.

No significant differences in mRNA levels of POMC,
MC4-R, and AgRP were found among any of the experi-
mental groups (Fig. 4).

4, Discussion

The hypophagic effect of estradiol was again confirmed
in this study. Although capsule implantation transiently
decreased food intake, estradiol treatment continued to re-
duce food intake, consistent with previous reports [3]. Body
weight was comparably reduced in both estradiol-treated
and pair-fed animals, suggesting that hypophagia was pri-
marily responsible. The length of our experiment was de-
termined by the transient effect of estradiol, which peaksin
2-3 days after capsule implantation and disappears in 1
week in intact rats [3], athough it last much longer in
ovariectomized rats[4]. On the other hand, the length of this
experiment mimics the short-term physiological changes
that occur during the estrous cycle, when plasma estradiol is
only enhanced for less than 24 hours [35].

Serum leptin and insulin levels fell in the pair-fed group,
consistent with the effects of food deprivation [36] but were
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Fig. 2. mRNA levels of Ob-Rb in the hypothalamus of control, estradiol-
treated, and pair-fed groups. Left panel shows a representative gel electro-
phoresis of the PCR products for Ob-Rb and HPRT mRNA. A 100—base
pair ladder was used as molecular weight marker (MWM). Right panels
show the relative abundance of Ob-Rb mRNA levels, expressed as a ratio
to HPRT mRNA. Each bar represents mean = SEM of eight animals.
Different superscript |etters indicate differences of P < 0.05 between the
experimental groups by one-way analysis of variance.
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Fig. 3. Depiction of mMRNA levels of NPY in the hypothalamus of control,
estradiol-treated, and pair-fed groups. Left panel shows representative gel
electrophoresis of the PCR products for Ob-Rb and HPRT mRNA. A
100—base pair ladder was used as molecular weight marker (MWM). Right
panels show the relative abundance of Ob-Rb mRNA levels, expressed as
a ratio to HPRT mRNA. Each bar represents mean = SEM of eight
animals. Different superscript letters indicate differences of P < 0.05
between the experimental groups by one-way analysis of variance.

unaltered in the estradiol-treated group. This agrees with the
failure of leptin levels to fall in hypophagic, underweight,
estradiol-treated rats, which was observed previously [3],
and gives support to the suggestion that estradiol has an
independent stimulatory effect on leptin; indeed, estradiol
enhances leptin synthesis and release in vitro [37].
Hypothalamic Ob-Rb mRNA was increased in the pair-
fed untreated group that lost weight, consistent with previ-
ous reports showing enhanced expression of Ob-Rb mRNA
associated with decreased plasma leptin [38]. Ob-Rb
MRNA levels were similarly increased in the estradiol-
treated group, although plasma leptin did not fall. This
suggests that estradiol may modulate per se the hypotha-
lamic expression of the Ob-Rb receptor. If functional Ob-Rb
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Fig. 4. Depiction of mRNA levels of POMC (A), MC4-R (B), and AgRP
(C) in the hypothalamus of control, estradiol-treated, and pair-fed groups.
L eft panel shows representative gel electrophoresis of the PCR products for
Ob-Rb and HPRT mRNA. A 100—base pair ladder was used as molecular
weight marker (MWM). Right panels show the relative abundance of
Ob-Rb mRNA levels, expressed as a ratio to HPRT mRNA. Each bar
represents mean = SEM of eight animals.

protein levels were also increased, it is possible that leptin
sensitivity could be enhanced. Therefore, the increased
Ob-Rb mRNA levels, together with the unchanged serum
leptin in the estradiol-treated group suggest that estradiol
may inhibit feeding by reinforcing leptin action at hypotha-
lamic level.

Because Ob-Rb receptors are colocalized with NPY ergic
and POMC neurons [10,11,16], the relatively enhanced lep-
tin action induced by estradiol could bring about hypopha-
gia by stimulating POMC and/or by inhibiting NPY neu-
rons. Both estradiol-treated and pair-fed rats showed a slight
but significant decrease in NPY mRNA. Previous results
have showed an enhancement in NPY after long-term fast-
ing [39,40], but an actual reduction after short-term (24
hours) food restriction similar to that used in the pair-fed
rats of this study [41]. Moreover, systemic enhanced con-
centration of glucocorticoids is known to decrease NPY
levels [42] and indeed surgery for capsule implantation
increase plasma corticosterone concentration [43]. These
factors were working in both the estradiol-treated and the
pair-fed group so that our results do not support a role for
NPY in the hypophagia mediated by estradiol in intact rats.

a-MSH elicitsits effects on energy balance by acting on
MC4-R whose density is inversely related to the synaptic
availability of the agonist [44,45]. Neither POMC mRNA —
the precursor of a-MSH — nor MC4-R mRNA were altered
by estradiol; indicating that the POMC system is unlikely to
be involved in mediating the hypophagic effects of estradiol
either in intact rats (as we have shown here) or in ovariec-
tomized rats after short-term estradiol treatment [46]. Nei-
ther there were changes in the expression of AgRP, the
endogenous antagonist of MC4-R that modulates MC4-R
activity under some conditions of atered nutritional state
such as dietary obesity and food restriction [47].

Neither POMC nor AGRP mRNA levels were altered by
food restriction in pair-fed rats, which is at variance with
previous studies showing reduced POMC mRNA [39,48] or
increased AgRP mRNA [30]; however, food restriction in
these cases lasted much longer (2—3 weeks) than in our
study. Thus, those neuropeptides may be more important in
responding to longer and more severe food restriction.

Because AgRP is coexpressed by the NPY neurons [19]
and both peptides appear to be regulated similarly in con-
ditions of altered nutritional status [49,50], a decrease in
AgRP expression could be expected in hypophagic groups.
However, recent studies have shown differential gene ex-
pression of NPY and AgRP not only in obese rats after
fasting [51] but aso in late pregnancy—a physiological
situation associated with the highest endogenous progester-
one levels [52]. Consequently, it may be that NPY and
AgRP are not always regulated in the same manner.

The negative results found with the main neuropeptide
systems involved in the control of food intake (namely,
NPY and POMC) must probably be viewed on the light of
the dual model of neural circuit proposed to explain hypo-
phagia as a result of either food unavailability—which in-
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volves NPY and POMC systems—or as a result of volun-
tary behavior [53]. This last circuit includes CRH and
melanin concentrating hormone (MCH) in the latera hypo-
thalamus (LHA), two neuropeptides that have been shown
to be involved in the hypophagic effect of estradiol [23,30]
and that we did not study in this work. Even more, Ob-Rb
receptors have been found to be expressed in the LHA [54]
and in neurons that express CRH and MCH [55], suggesting
that the changes in Ob-Rb we have observed here could
involve these specific subsets of hypothalamic neurons.

In conclusion, short-term administration to intact rats of
elevated estradiol to values similar to those found in normal
proestrus increases Ob-Rb mRNA, maintaining plasma lep-
tin under conditions when it would normally fall, pointing
to this receptor as target for estradiol induced hypophagia
We have demonstrated that a pair-feeding schedule mirror-
ing the amount of food eaten during estradiol treatment has
the same effects on mRNA levels of NPY, POMC, MC-4 R,
and AgRP as estradiol treatment, suggesting that these
genes are unlikely involved in mediating hypophagia in-
duced by estradiol.
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