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bstract

Estradiol is a potent hypophagic agent that reduces food intake and body weight without a concomitant fall in plasma leptin levels. We
nvestigated whether the hypophagic effect of estradiol is mediated by stimulating POMC and/or inhibiting NPY neuronal pathways in the
ypothalamus, which respectively inhibit and stimulate feeding. We examined hypothalamic gene expression of Ob-Rb, NPY, POMC,
C4-R, and AgRP in intact Wistar rats treated with estradiol for 48 hours. Food intake and body weight were reduced in estradiol-treated

ats but fat mass was unchanged; plasma leptin and insulin levels were not significantly different from untreated, freely fed controls. In
ntreated rats that were pair-fed to match the estradiol-treated group, body weight was also reduced without changes in fat mass, although
eptin and insulin levels decreased significantly. Ob-Rb expression was increased in both hypophagic groups despite serum leptin were only
ecreased in pair-fed animals, suggesting an estradiol-stimulating effect on Ob-Rb expression. No significant differences were found in
OMC, AgRP, or MC4-R expression among any of the experimental groups. A significant but small decrease in NPY expression was also
ound in both hypophagic groups; this was explained by the combined effect of both surgery and reduced food intake. These results indicate
hat estradiol mediated hypophagia in intact rats could be brought about by an enhanced hypothalamic leptin sensitivity but is unlikely to
e driven by changes in NPY or melanocortin system. © 2004 Elsevier Inc. All rights reserved.

eywords: Neuropeptide Y; Long form of leptin receptor; Estradiol; Hypothalamus; Melanocortins; Energy balance; Food intake
t
(

i
r
v
T
r
A
m
s
f
n
[
e
n
n
a

. Introduction

The anorectic effect of estradiol is well documented.
ood intake falls just after the estradiol peak in proestrus [1]
nd also on the last day of pregnancy when estradiol peaks
2]. Administration of estradiol to intact or ovariectomized
ats causes a transient decrease in food intake and body
eight [3,4]. The central mechanisms of estradiol-induced
ypophagia are not fully understood. Estradiol injection into
he medial preoptic nucleus (MPN) [5] or in the paraven-
ricular nucleus (PVN) [6] decreases food intake. These
ites, especially the PVN, are crucial in coordinating the
ffects of numerous neural pathways on energy homeosta-
is, including those containing the appetite-stimulating pep-
ide neuropeptide Y (NPY) and the appetite-inhibiting pep-

* Corresponding author. Tel.: 34 91 394 49 90; fax: 34 91 394 49 35.

NE-mail address: mpuerta@bio.ucm.es (M. Puerta).

955-2863/04/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
oi:10.1016/j.jnutbio.2004.01.003
ides the melacortins and corticotropin-releasing hormone
CRH).

The arcuate nucleus (ARC) is a key hypothalamic site
nvolved in food intake and body weight. Some ARC neu-
ons express NPY, the injection of which into the third
entricle or PVN potently increases food intake [7–9].
hese neurons also express the long form of the leptin

eceptor (Ob-Rb) [10,11] and are inhibited by leptin [12,13].
separate population of ARC neurons expresses proopio-

elanocortin (POMC), the precursor of �-melanocyte–
timulating hormone (�-MSH), which powerfully inhibits
eeding through the hypothalamic melanocortin-3 and mela-
ocortin-4 receptors (MC3-R and MC4-R, respectively)
14,15]. POMC is also colocalized with Ob-Rb [16], and its
xpression is stimulated by leptin [17,18]. These opposing
europeptide systems interact at different levels. The NPY
eurons co-express agouti-related peptide (AgRP) [19], an
ntagonist at MC4-R [20], which reinforces the action of

PY by inhibiting the action of �-MSH. In addition, NPY
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eurons are thought to inhibit POMC neurons via NPY Y1

eceptors [21], whereas the POMC neurons may inhibit
PY expression and release via MC3-R [22].
Previous studies suggest that estradiol may stimulate

RH neurons and/or inhibit NPY neurons. The presence of
stradiol receptors and CRH in MPN neurons together with
he attenuation of estradiol-mediated hypophagia after the
dministration of a CRH antagonist supports a role for CRH
n the hypophagic effects of estradiol [5,23]. ARC NPY
eurons also carry estradiol receptors [24,25] as well as
PY expression and peptide concentration in the PVN de-

rease after estradiol administration [26,27]. Nonetheless,
ll of these studies were carried out in ovariectomized rats,
hich have a higher food intake and are heavier than intact

nimals [28,29].
In this study, we examined whether exogenous estradiol

lters gene expression of not only NPY but also the other
omponents of the system (namely, hypothalamic Ob-Rb,
OMC, MC4-R, and AgRP), as their balance clearly con-

rols food intake under normal condition and other physio-
ogical adjustments. We studied rats treated with estradiol to
each the physiological levels known to reduce both food
ntake and body weight [3,30]. Intact rats were used because
variectomy increases hypothalamic NPY expression [27]
nd protein content in PVN [29], whereas it decreases hy-
othalamic CRH inmunoreactivity [31], with these effects
eing reverted by estradiol administration [26,32]. Thermo-
eutrality was selected to avoid thermoregulatory require-
ents influencing food intake [33]. To allow for any non-

pecific effects of underfeeding and weight loss, mRNA
evels of the hypothalamic neuropeptides and receptors
ere also examined in freely fed, untreated controls and in
ntreated rats that were pair-fed to match the intake of the
stradiol-treated rats.

. Methods and materials

.1. Animals

Female Wistar rats (180–200 g) were housed in individ-
al cages and maintained at 28°C (thermoneutrality) with a
ark:light cycle of 12-hour light, 12-hour dark (lights on at
AM). Each rat’s estrous cycle was assessed for 4 days

efore the experiment with the estrous phase defined as day
of the experiment. Animals were divided into three

roups: 1) rats freely fed and estradiol-treated; 2) those
ntreated; and 3) those freely fed, untreated, and pair-fed to
atch the intake of the estradiol-treated group. All untreated

nimals received an empty Silastic capsule (0.5 cm long; 3.2
m OD; 1.5 mm ID; Dow Corning, Midland, MI), im-

lanted subcutaneously between the scapulae under halo-
hane anesthesia. In the estradiol-treated group the capsule
as filled with 6.1 � 0.2 mg of 17�-estradiol (Sigma
iagnostics, St. Louis, MO) and released 0.15–0.20 mg

aily. The pair-fed rats received an empty Silastic capsule v
nd were given the average food intake of the estradiol-
reated group on the appropriate day after implantation. All
ats were given a commercial diet (Panlab, Barcelona,
pain) containing 66.7% carbohydrate, 19.3% protein, 3.4%
at, 4.9% cellulose, and 5.7% mineral (w/w). Food intake,
ody weight and estrous cycle phase were monitored daily,
nd the animals were maintained in accordance with the
rinciples of The Council of European Communities (86/
09 EEC).

After 2 days of treatment, animals were killed by decap-
tation between 10 AM and 12 noon, and blood trunk was
ollected and allowed to clot on ice. Serum was obtained
nd stored at �80°C until analysis. Left-sided white adipose
issue (WAT) pads (inguinal, parametrial, retroperitoneal,
erirenal, and periovarian) were dissected and weighed. The
ypothalamus was dissected en bloc under a binocular mi-
roscope, from a frontal slice between the optic chiasm and
he mammillary bodies, cutting immediately below the an-
erior commissure and vertically through each perihypotha-
amic sulcus [34].

.2. Serum assays

Serum leptin and insulin concentrations were determined
ith commercial RIA kits from Linco Research (St. Louis,
O). The intra- and interassay coefficients of variation
ere 4.6% and 5.7% for leptin and 4.6% and 10.8% for

nsulin. Serum estradiol was determined using a commercial
IA kit (DiaSorin, Saluggia, Italy), with intra- and interas-

ay coefficients of variation being 8.0% and 9.7%, respec-
ively.

.3. Measurement of hypothalamic gene expression using
everse transcriptase–polymerase chain reaction

Total RNA was extracted using TriReagent (Sigma Di-
gnostics, St. Louis, MO), according to the manufacturer’s
nstructions. To avoid DNA contamination, samples were
reated with DNase I (Roche Molecular Biochemicals,

annheim, Germany) for 15 minutes at 37°C followed by
ncubation at 75°C for 5 minutes to inactivate the enzyme.
irst-strand complementary DNA (cDNA) was prepared
rom total RNA by using a Reverse-iT first strand synthesis
it (ABgene, Surrey, UK) in a final volume of 20 �L. Using
.2 mL Thermo-tube (ABgene), 0.5–1.0 �g RNA sample
as added with 0.5 �g of anchored oligo-dT and free
Nase, RNase water (Sigma Diagnostics) in a final volume
f 13 �L. Samples were heated to 70°C for 5 minutes to
emove any secondary structures and then placed on ice. A
uantity of 4 �L of 5xfirst-strand synthesis buffer, 2 �L of
NTP mix (5 mmol/L each), and 1 �L of reverse transcrip-
ase (Reverse-iT RTase Blend) was added to each tube.
amples were incubated at 47°C for 30 minutes followed by
xposure at 75°C for 10 minutes to inactivate the RTase.
olymerase chain reaction (PCR) was performed in a final

olume of 25 �L: 2 �L c-DNA, 0.5 �L of sense and
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ntisense primers at 0.02 mmol/L and 22 �L of 1.1 �
eddy Mix PCR Master Mix (ABgene), which contains 1.5
mol/L Mg Cl2, 1.25 units Taq polymerase, 75 mmol/L
ris HCl (pH 8.8 at 25 °C), 20 mmol/L (NH4)2 SO4, 0.01%
ween 20 (v/v), 0.2 mmol/L each of dATP, dCTP, dGTP,
nd dTTP, and precipitant and red dye for electrophoresis.

PCR primers used to amplify Ob-Rb, NPY, POMC,
C4-R, AgRP, and house-keeping gene hypoxanthine-

hosphoribosyl transferase (HPRT) are listed in Table 1.
CR amplification was performed on a PCR express ther-
al cycler (Hybaid, Ashford, UK). After initial denatur-

tion at 94°C for 5 minutes, samples were subjected to
mplification cycles (Table 1) that consisted of denaturation
t 94°C for 25 seconds, annealing for 30 seconds at an
ptimal temperature for each gene (Table 1), and extension
t 72°C for 30 seconds. After the last cycle, samples under-
ent final elongation at 72°C for 10 minutes.
PCR products were visualized on a 1.0 % agarose gel

ontaining 0.4% (v/v) ethidium bromide (Sigma Diagnos-
ics) and the band density was analyzed with Kodak 1D
mage Analysis System (Kodak Digital Science, Eastman
odak Company, Rochester, NY).

.4. Statistical analyses

One-way analysis of variance (ANOVA) was performed
o compare food intake, body weight, WAT deposit weight,
oncentrations of serum estradiol, leptin, and insulin, and
pecific PCR products (namely, Ob-Rb, NPY, POMC,

C4-R, and AgRP). The Student-Newman-Keuls test was
sed for post hoc comparisons. Data are shown as mean �
EM. A value of P � 0.05 was considered to be statistically

able 1
ligonucleotide primers used for RT-PCR amplification of Ob-Rb, NPY,

arget Primer Sequence

b-Rb
Sense 5�-TGAAACATTTGAGCATCTTT-3�
Antisense 5�-CGATGCACTGGCTGACAGAA-3�

PY
Sense 5�-CGCCATGATGCTAGGTAAC-3�
Antisense 5�-CAGACTGGTTTCACAGGATG-3�

OMC
Sense 5�-CCTGTGAAGGTGTACCCCAATGTC-3�
Antisense 5�-CACGTTCTTGATGATGGCGTTC-3�
C-4 R
Sense 5�-TATGGTACTGGAGCGCGTAA-3�
Antisense 5�-TCAGACGGAGGATGCTATGA-3�

gRP
Sense 5�-AGAGTTCTCAGGTCTAAGTCT-3�
Antisense 5�-CTTGAAGAAGCGGCAGTAGCACGT-3�

PRT
Sense 5�-CAGTCCCAGCGTCGTGATTA-3�
Antisense 5�-AGCAAGTCTTTCAGTCCTGTC-3�

Concentrations of RNA used, number of cycles, and annealing temperatu
ignificant. d
. Results

.1. Metabolic and weight changes

Estradiol treatment increased serum estradiol concentra-
ion to values similar to those in proestrus (Table 2) and also
nduced estrous-like changes in vaginal epithelium (data not
hown). Food intake was reduced in all three groups 24
ours after capsule implantation, but freely fed controls
ecovered their initial food intake by 48 hours. By contrast,
stradiol-treated rats showed a continuing reduction in food
ntake that was 32% below controls at the moment of
acrifice (Fig. 1A). At 48 hours, body weight was increased
y 1% in controls whereas a significant decline was ob-
erved in both estradiol-treated (�1.5%, P � 0.05) and
air-fed (�0.5%, P � 0.05) groups (Fig. 1B). There were
o significant differences in fat masses among any of the
roups (Table 2). A positive correlation was found between
otal fat mass and leptin levels in untreated groups (r �
.786, P � 0.021), whereas estradiol-treated did not show
ny correlation. Serum leptin and insulin levels were re-
uced in pair-fed rats but unaffected with estradiol admin-
stration (Table 2).

.2. Hypothalamic gene expression changes

The RT-PCR generated products for hypothalamic genes
Ob-Rb, NPY, POMC, MC4-R, AgRP, and HPRT) were
etectable in the hypothalamus of all the rats (left panels of
gures). Ob-Rb mRNA levels were significantly increased
bove controls in both estradiol-treated (24%, P � 0.05)
nd pair-fed (39%, P � 0.01) groups, with no significant

, MC-4 R, AgRP, and HPRT

Concentration
(�g RNA/�L)

Cycles
(no.)

Temperature
(°C)

Size
(bp)

1.0 34 54.5 370

0.5 30 54.0 379

0.5 30 58.0 266

0.5 35 60.5 370

1.0 32 58.0 210

0.5 30 58.0 138

cted together with the size of generated cDNA products are also indicated.
POMC

re sele
ifference between these two groups (Fig. 2).



e
p
w
(

a
0
t

M
m

4

i
d
d
w
a
m
t
2
w
o
e
t
o

c

T
B

B

V
E
L
I

F
d
r
i
o

F
t
p
p
s
t
D

331M. Rocha et al. / Journal of Nutritional Biochemistry 15 (2004) 328–334
NPY mRNA levels were slightly but significantly low-
red in both estradiol-treated groups (6%, P � 0.05) and
air-fed groups (9%, P � 0.01) compared with controls,
ith no significant difference between these two groups

Fig. 3). A negative correlation was found between NPY

able 2
ody weight, visceral white adipose tissue (WAT) deposits, and serum es

Control

ody weight (g)
Initial 200.3 � 2.0
Final 202.3 � 2.1a

Gain 2.0 � 0.9a

isceral WAT deposits (g)* 3.93 � 0.30
stradiol (nmol/L) 0.076 � 0.034a

eptin (nmol/mL) 0.42 � 0.08a

nsulin (nmol/mL) 0.26 � 0.03a

Data are expressed as mean � SEM of eight animals each group.
* Sum of inguinal, parametrial, retroperitoneal, periovaric, and perirena
Different superscript letters indicate differences of P � 0.05 between t

ig. 1. Food intake (A) and body weight (B) in rats receiving estradiol
uring 2 days of treatment or pair-fed to the estradiol group. Each point
epresents mean � SEM of eight animals. Different superscript letters
ndicate differences of P � 0.05 between the experimental groups by

ne-way analysis of variance. e
nd Ob-Rb levels in untreated groups (r � 0.525, P �
.037), whereas estradiol-treated did not show any correla-
ion.

No significant differences in mRNA levels of POMC,
C4-R, and AgRP were found among any of the experi-
ental groups (Fig. 4).

. Discussion

The hypophagic effect of estradiol was again confirmed
n this study. Although capsule implantation transiently
ecreased food intake, estradiol treatment continued to re-
uce food intake, consistent with previous reports [3]. Body
eight was comparably reduced in both estradiol-treated

nd pair-fed animals, suggesting that hypophagia was pri-
arily responsible. The length of our experiment was de-

ermined by the transient effect of estradiol, which peaks in
–3 days after capsule implantation and disappears in 1
eek in intact rats [3], although it last much longer in
variectomized rats [4]. On the other hand, the length of this
xperiment mimics the short-term physiological changes
hat occur during the estrous cycle, when plasma estradiol is
nly enhanced for less than 24 hours [35].

Serum leptin and insulin levels fell in the pair-fed group,
onsistent with the effects of food deprivation [36] but were

leptin, and insulin concentrations in control, estradiol, and pair-fed rats

Estradiol Pair-fed

197.9 � 1.9 197.9 � 2.3
195.0 � 1.6b 197.0 � 1.9a,b

�2.9 � 0.7b �0.9 � 1.0b

3.29 � 0.23 3.46 � 0.22
0.636 � 0.146b 0.060 � 0.020a

0.52 � 0.06a 0.17 � 0.03b

0.28 � 0.03a 0.14 � 0.03b

ded depots.
rimental groups (by one-way analysis of variance).

ig. 2. mRNA levels of Ob-Rb in the hypothalamus of control, estradiol-
reated, and pair-fed groups. Left panel shows a representative gel electro-
horesis of the PCR products for Ob-Rb and HPRT mRNA. A 100–base
air ladder was used as molecular weight marker (MWM). Right panels
how the relative abundance of Ob-Rb mRNA levels, expressed as a ratio
o HPRT mRNA. Each bar represents mean � SEM of eight animals.
ifferent superscript letters indicate differences of P � 0.05 between the
tradiol,

l left-si
he expe
xperimental groups by one-way analysis of variance.
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naltered in the estradiol-treated group. This agrees with the
ailure of leptin levels to fall in hypophagic, underweight,
stradiol-treated rats, which was observed previously [3],
nd gives support to the suggestion that estradiol has an
ndependent stimulatory effect on leptin; indeed, estradiol
nhances leptin synthesis and release in vitro [37].

Hypothalamic Ob-Rb mRNA was increased in the pair-
ed untreated group that lost weight, consistent with previ-
us reports showing enhanced expression of Ob-Rb mRNA
ssociated with decreased plasma leptin [38]. Ob-Rb
RNA levels were similarly increased in the estradiol-

reated group, although plasma leptin did not fall. This
uggests that estradiol may modulate per se the hypotha-
amic expression of the Ob-Rb receptor. If functional Ob-Rb

ig. 3. Depiction of mRNA levels of NPY in the hypothalamus of control,
stradiol-treated, and pair-fed groups. Left panel shows representative gel
lectrophoresis of the PCR products for Ob-Rb and HPRT mRNA. A
00–base pair ladder was used as molecular weight marker (MWM). Right
anels show the relative abundance of Ob-Rb mRNA levels, expressed as
ratio to HPRT mRNA. Each bar represents mean � SEM of eight

nimals. Different superscript letters indicate differences of P � 0.05
etween the experimental groups by one-way analysis of variance.

ig. 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.
eft panel shows representative gel electrophoresis of the PCR products for
b-Rb and HPRT mRNA. A 100–base pair ladder was used as molecular
eight marker (MWM). Right panels show the relative abundance of
b-Rb mRNA levels, expressed as a ratio to HPRT mRNA. Each bar
pepresents mean � SEM of eight animals.
rotein levels were also increased, it is possible that leptin
ensitivity could be enhanced. Therefore, the increased
b-Rb mRNA levels, together with the unchanged serum

eptin in the estradiol-treated group suggest that estradiol
ay inhibit feeding by reinforcing leptin action at hypotha-

amic level.
Because Ob-Rb receptors are colocalized with NPYergic

nd POMC neurons [10,11,16], the relatively enhanced lep-
in action induced by estradiol could bring about hypopha-
ia by stimulating POMC and/or by inhibiting NPY neu-
ons. Both estradiol-treated and pair-fed rats showed a slight
ut significant decrease in NPY mRNA. Previous results
ave showed an enhancement in NPY after long-term fast-
ng [39,40], but an actual reduction after short-term (24
ours) food restriction similar to that used in the pair-fed
ats of this study [41]. Moreover, systemic enhanced con-
entration of glucocorticoids is known to decrease NPY
evels [42] and indeed surgery for capsule implantation
ncrease plasma corticosterone concentration [43]. These
actors were working in both the estradiol-treated and the
air-fed group so that our results do not support a role for
PY in the hypophagia mediated by estradiol in intact rats.
�-MSH elicits its effects on energy balance by acting on

C4-R whose density is inversely related to the synaptic
vailability of the agonist [44,45]. Neither POMC mRNA –
he precursor of �-MSH – nor MC4-R mRNA were altered
y estradiol; indicating that the POMC system is unlikely to
e involved in mediating the hypophagic effects of estradiol
ither in intact rats (as we have shown here) or in ovariec-
omized rats after short-term estradiol treatment [46]. Nei-
her there were changes in the expression of AgRP, the
ndogenous antagonist of MC4-R that modulates MC4-R
ctivity under some conditions of altered nutritional state
uch as dietary obesity and food restriction [47].

Neither POMC nor AgRP mRNA levels were altered by
ood restriction in pair-fed rats, which is at variance with
revious studies showing reduced POMC mRNA [39,48] or
ncreased AgRP mRNA [30]; however, food restriction in
hese cases lasted much longer (2–3 weeks) than in our
tudy. Thus, those neuropeptides may be more important in
esponding to longer and more severe food restriction.

Because AgRP is coexpressed by the NPY neurons [19]
nd both peptides appear to be regulated similarly in con-
itions of altered nutritional status [49,50], a decrease in
gRP expression could be expected in hypophagic groups.
owever, recent studies have shown differential gene ex-
ression of NPY and AgRP not only in obese rats after
asting [51] but also in late pregnancy—a physiological
ituation associated with the highest endogenous progester-
ne levels [52]. Consequently, it may be that NPY and
gRP are not always regulated in the same manner.
The negative results found with the main neuropeptide

ystems involved in the control of food intake (namely,
PY and POMC) must probably be viewed on the light of

he dual model of neural circuit proposed to explain hypo-

hagia as a result of either food unavailability—which in-
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olves NPY and POMC systems—or as a result of volun-
ary behavior [53]. This last circuit includes CRH and
elanin concentrating hormone (MCH) in the lateral hypo-

halamus (LHA), two neuropeptides that have been shown
o be involved in the hypophagic effect of estradiol [23,30]
nd that we did not study in this work. Even more, Ob-Rb
eceptors have been found to be expressed in the LHA [54]
nd in neurons that express CRH and MCH [55], suggesting
hat the changes in Ob-Rb we have observed here could
nvolve these specific subsets of hypothalamic neurons.

In conclusion, short-term administration to intact rats of
levated estradiol to values similar to those found in normal
roestrus increases Ob-Rb mRNA, maintaining plasma lep-
in under conditions when it would normally fall, pointing
o this receptor as target for estradiol induced hypophagia.

e have demonstrated that a pair-feeding schedule mirror-
ng the amount of food eaten during estradiol treatment has
he same effects on mRNA levels of NPY, POMC, MC-4 R,
nd AgRP as estradiol treatment, suggesting that these
enes are unlikely involved in mediating hypophagia in-
uced by estradiol.
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