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The effects of ovariectomy (OVX) and estrogen sub-
titution on body weight, body composition, food in-
ake, weight gain, and expression of uncoupling pro-
eins (UCPs) in brown adipose tissue (BAT), white
dipose tissue (WAT), and skeletal muscle were stud-
ed in four groups of rats: (1) Sham-operated rats (N 5
), (2) ovariectomized rats (OVX 2 E) (N 5 8), (3)
strogen-treated OVX rats (OVX 1 E) (N 5 8), and (4)
VX rats on energy restriction (OVX 2 E 1 D) (N 5 8).
VX was associated with an increase in food intake
nd body weight gain during a 5-week study period
ompared to sham-operated rats. The estrogen-
ubstituted rats had a significantly lower food intake
nd weight gain during the 5 weeks compared to the
ham-operated group. However, we also included a
ontreated OVX group that was allowed to eat only
nough chow to match the weight gain of the sham-
perated group. To match the weight gain in the two
roups, the OVX group had to consume 16% less chow
han the sham-operated group. In BAT, the UCP1 ex-
ression was significantly lower in estrogen-deficient
ats compared to either intact rats or estrogen-
ubstituted rats, whereas UCP2 and UCP3 mRNA ex-
ression was similar in BAT from all four groups. In
AT, both estrogen-deficient groups had significantly

ower UCP2 mRNA expression compared to the con-
rol rats and estrogen-treated rats; In contrast, the
CP3 mRNA expression in WAT was similar in all four
roups. Finally, in skeletal muscle the OVX group on
ild energy restriction had reduced UCP3 mRNA ex-

ression compared to control, OVX, and estrogen-
reated rats. In contrast, the UCP2 mRNA expression
n skeletal muscle was similar in all four groups. Thus,
he findings that estrogen deficiency is followed by
educed UCP1 expression in BAT and reduced UCP2
xpression in WAT in association with weight gain

1 To whom correspondence should be addressed at Department of
ndocrinology and Metabolism C, Aarhus Amtssygehus, Aarhus
niversity Hospital, DK-8000 Aarhus C, Denmark. Fax: 89497649.
-mail: amtssp@aau.dk.
191
ight indicate that UCPs play a role for the estrogen-
ediated changes in body weight and energy

xpenditure. © 2001 Academic Press

Key Words: estrogen; adipose tissue; skeletal muscle;
rown adipose tissue; UCP; food intake; body weight.

Ovarian hormones are among the many factors in-
uencing body weight in mammals. Estradiol given to
variectomized animals depress eating (1, 2) and in
ddition the animals tend to be more physically active
ompared to estradiol-deprived animals (1, 3). Thus,
oth these effects could explain the retarded weight
ain observed in estradiol-treated animals compared
ith ovariectomized animals. However, other studies
ave shown that estrogen also seems to affect body
eight regulation/energy expenditure through other
athways than food intake and physical activity (4, 5).
upporting this notion are the studies demonstrating
hat estradiol treatment is associated with an increase
n oxygen consumption, indicating an elevated energy
xpenditure (6). Recently, the importance of estrogen
or the body composition/energy expenditure was
trengthened by demonstrating that estrogen receptor
nockout mice had much more white adipose tissue
han wild-type mice; in addition, it was shown that the
nockout mice had an 11% decrease in energy expen-
iture (7). The precise nature of this increase in energy
xpenditure is, however, unknown. Bartness and Wade
emonstrated that the brown adipose tissue (BAT) and
he innervation to this tissue was very important for
he estrogen mediated changes in energy expenditure,
s denervation of BAT greatly markedly impaired the
strogen-induced increase in oxygen consumption (8).
n rodents BAT is probably the most important tissue
n regulation of energy expenditure, and BAT is able to
ncrease the heat production several fold, by uncou-
ling the electron transport chain from ATP formation
0006-291X/01 $35.00
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in the mitochondria, and instead energy is dissipated
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s heat. The molecular mechanism for this uncoupling
n BAT is predominantly caused by the uncoupling
rotein 1 (UCP1) which is located in the inner mito-
hondrial membrane (9). UCP1 shortcuts the proton
radient, whereby the proton transport is uncoupled
rom the ATP production. Recently two new members
f the UCP family have been discovered, the UCP2
hich is present in most tissues and the UCP3 which is
articularly expressed in skeletal muscle (10, 11).
hese new UCPs are thought to function as uncouplers

n different tissues in the same manner as UCP1 in
AT.
Because the UCPs might influence energy expendi-

ure, and because the precise molecular basis for the
strogen-mediated effect on energy homeostasis is
argely unknown, we decided to study the regulation of
CPs in BAT as well as in adipose tissue and skeletal
uscle in ovariectomized rats, treated and untreated
ith estrogen.

ATERIALS AND METHODS

Female Wistar rats were ovariectomized under pentobarbital an-
esthesia using a midline incision another eight rats were not ovari-
ctomized but sham operated (control rats). The ovariectomized rats
ere divided into three groups, one group (OVX 1 E) (N 5 8)

eceived a subcutaneous pellet implantation containing a slow re-
ease 17-b-estradiol pellet (1.5 mg/pellet, 60-day release) (Innovative
esearch of America ,FL), another OVX group was left untreated

OVX 2 E) (N 5 8). In the last group the OVX rats did not receive
strogen but were on a hypocaloric diet (OVX 2 E 1 D) (N 5 8),
here the food intake was adjusted so the rats in this group had the

ame weight gain as the control group. This group was included in
he study in order to discriminate between effects induced by estro-
en compared to effects associated with body weight changes per se.
The rats were housed in temperature (20–22°C) and light con-

rolled (12/12 h light–dark cycle) environment. They had access to a
tandard chow and water. To properly match the weight gain in the
VX 2 E 1 D group with that of the control group, the food con-

umption and body weight were measured daily in the control group
nd in the OVX 2 E 1 D group. After a few days it turned out that
;15% daily reduction in the offered food resulted in a weight gain

n the OVX 2 E 1 D group similar to that of the control rats.

Body composition: Bioelectrical impedance measurements in rats.
t the end of the study the rats were anaesthetized using pentobar-
ital, and bioelectrical impedance was measured using a multifre-
uency bioimpedance spectroscopy analyzer (SFB3, UniQuest Lim-
ted, Brisbane, Australia) as previously described by Cornish et al.
12). The following equation was used for calculation of the fat-free
ass (FFM) 5 (131.2981 z L2/Zc 1 37.3184)/0.732, assuming a hy-

ration of 0.732 (Ward et al., personal communication). Fat mass
FM) 5 body weight 2 FFM.

Removal of BAT, white adipose tissue, and skeletal muscle. Im-
ediately after sacrifice the abdomen was opened and the parame-

rial and perirenal adipose tissue was carefully dissected and
eighted separately, Then the adipose tissue was snap-frozen in

iquid nitrogen, and stored at 280°C for later analysis.
The soleus muscle and the brown adipose tissue were carefully

emoved, snap-frozen in liquid nitrogen, and stored at 280°C for
ater analysis.

RNA isolation. Total RNA was isolated from the biopsies using
he TriZol reagent (Gibco BRL, Life Technologies, Roskilde, Den-
192
80 nm. Finally, the integrity of the RNA was checked by visual
nspection of the two ribosomal RNA’s 18S and 28S on an agarose gel.

Real time RT-PCR detection of UCP mRNA expression. cDNA
as made using random hexamer primers as described by the man-
facturer (GeneAmp RNA PCR Kit from Perkin–Elmer Cetus, Nor-
alk, CT). Then, PCR mastermix containing the specific primers and
mpliTaq Gold DNA polymerase were added.
UCP1-primers: 59-GTG AGT TCG ACA ACT TCC GAA GTG and

9-CAT CAG GTC ATA TGT CAC CAG CTC. UCP2-primers: 59-TT-
AAGGCCACAGATGTGCC and 59-TCGGGCAATGGTCTTGTAGGC.
CP3 primers: 59-CCCTGACTCCTTCCTCCCTG and 59-GCACTG-
AGCCTGTTTTGCTGA, b-actin primers: 59-TGTGCCCATCTAC-
AGGGGTATGC and 59-GGTACATGGTGGTGCCGCCAGACA.
Real time quantitation of UCP1, UCP2, and UCP3 to b-actin
RNA was performed with a SYBR-Green real-time PCR assay
sing an ICycler PCR machine from Bio-Rad. Briefly, UCP1, UCP2,
CP3, and b-actin mRNA were amplified in separate tubes using the

ollowing protocol 95°C in 10 min, then each cycle comprising 95°C
or 30 s, 57°C for 30 s and extension at 72°C for 60 s, the increase in
uorescence was measured in real-time during the extension step.
he threshold cycle (Ct) which is defined as the fractional cycle
umber at which the fluorescence reaches 103 the standard devia-
ion of the baseline was calculated, and the relative gene expression
as calculated essentially as described in the User Bulletin 2, 1997

rom Perkin–Elmer (Perkin–Elmer Cetus, Norwalk, CT) covering the
spect of relative quantitation of gene expression. Briefly the target
ene (X0) to b-actin (R0) ratio in each sample before amplification was
alculated as X0/R0 5 k 3 1/((2)** dC t), dC t is the difference
etween Ct target and Ct reference, and k is a constant, set to 1.
All samples were amplified in duplicate. A similar setup was used

or negative controls except that the reverse transcriptase was omit-
ed and no PCR products were detected under these conditions

Statistically analysis. Differences between group means were de-
ermined using ANOVA with Duncan’s post hoc analysis. Data are
resented as means 6 SEM, and a significance level below 0.05 was
hosen.

ESULTS

ffects of OVX and Estrogen Substitution
on Body Weight (Fig. 1)

The mean body weights of the rats in the four groups
re outlined in Fig. 1. At the time of operation all rats
ad similar body weight (164.6 6 5.0 g) and the control
roup gained around 50 g during the 5-week study
eriod reaching a mean weight of 220.0 6 10.2 g after
he 5 weeks. The OVX 2 E rats gained significantly
ore and after five weeks the mean weight in this

roup was 260.3 6 11.4 g, whereas, the OVX 1 E rats
ained much less (final weight 196.0 6 15.3 g) com-
ared both to the control group and the OVX 2 E
roup. Finally, the group of nonsubstituted OVX rats,
hat were on energy restriction (OVX 2 E 1 D) ob-
ained a weight (220.1 6 6.8 g) similar to that of the
ontrol rats (Fig. 1).

ffects of OVX and Estrogen Substitution
on Food Intake (Fig. 2)

The food intake in all rats was measured two times
uring the study, after 3 weeks and after 5 weeks. As
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hown in Fig. 2, the control rats ate 19.98 6 0.31
/rat/24 h 3 weeks after surgery, whereas OVX 2 E
ats consumed significantly more (23.38 6 0.33
/rat/24 h) and estrogen treated (OVX 1 E) rats con-
umed significantly less than the control rats (17.68 6
.39 g/rat/24 h). The OVX 2 E 1 D rats on the re-
tricted diet which had a weight gain similar to the
ontrol rats was given significantly less food (18.50 6
.29 g/rat/24 h) (P , 0.05) than the control rats.
Almost identical findings were obtained after 5
eeks; however, the OVX 2 E rats now consumed

FIG. 1. The body weight of the rats in the four different groups
ere followed weekly. Control, sham operated; OVX 1 E, ovariecto-
ized and estrogen substituted; OVX 2 E, ovariectomized no estro-

en treatment; and OVX 2 E 1 D, ovariectomized no estrogen
reatment but on diet restriction.

FIG. 2. The food intake was measured twice during the experi-
ent. 3 weeks after the start, and 5 weeks after the start of the

xperiment. (*P , 0.05, ANOVA followed by Duncan’s post hoc
nalysis).
193
ignificantly less than they did earlier in the study. In
ontrast, the food intake of the estrogen-substituted
OVX 1 E) rats and the control rats did not change
uring the study period.

ffects of OVX and Estrogen Substitution
on Body Composition (Fig. 3)

The body composition was determined at the end of
he study by impedance measurements and dissection
f the adipose tissue.
Impedance measurements showed that the absolute

mount of adipose tissue was significantly increased in
he OVX 2 E rats compared to both the control rats
nd the OVX 2 E 1 D rats. The estrogen substituted
VX 1 E rats had significantly less adipose tissue than

he control rats (Fig. 3A). The OVX 2 E 1 D rats (the

FIG. 3. (A) Bioimpedance determined body composition: Left-
and panel shows the amount of adipose tissue in each of the four
roups of rats. Right-hand panel: The amount of adipose tissue as
ercent of body weight. (B) The weight of the adipose tissue pads
*P , 0.05, ANOVA followed by Duncan’s post hoc analysis).
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rease in amount of adipose tissue compared to sham-
perated rats and were significantly heavier than the
strogen-treated rats (OVX 1 E) (Fig. 3A).
If the FM% was calculated (100 3 fat mass (g)/body
eight (g)), the estrogen-treated group (OVX 1 E) and

he control group had similar FM%. In contrast the
M% in the estrogen treated rats were significantly

ower than in the two estrogen deficient groups (OVX 2
and OVX 2 E 1 D) (Fig. 3A).
The weight of the dissected parametrial adipose tis-

ue and the perirenal adipose tissue are shown in Fig.
B. The OVX 2 E rats had significantly increased
mount of adipose tissue in both regions (P , 0.001),
hereas, the three other groups had a comparable
mount of adipose tissue (Fig. 3B).

CP mRNA Expression in Brown Adipose Tissue

As shown in Fig. 4A, the expression of UCP1 in BAT
ompared with control rats was significantly lower in
ats devoid of estrogen (OVX 2 E rats and OVX 2 E 1
), whereas OVX 1 E rats had an UCP1 expression

omparable to that of control rats.
Moreover, the UCP2 expression in BAT changed in a

imilar manner as UCP1, with a reduction in estrogen-
eficient rats (however, this did not reach statistical
ignificance). The UCP3 expression in BAT did not
iffer among the four groups.

hite Adipose Tissue

The UCP2 mRNA expression was significantly re-
uced in the two estrogen-deficient groups (OVX 2 E
nd OVX 2 E 1 D), whereas the OVX 1 E group had
n UCP2 expression in adipose tissue comparable to
hat of the control group (Fig. 4B). The UCP3 mRNA
xpression in adipose tissue was similar in all four
roups (Fig. 4B). Finally, the UCP1 expression in WAT
as also investigated; however, no reproducible ampli-
cation was obtained even after 50 PCR cycles.

keletal Muscle

The UCP2 mRNA expression was similar in all four
roups (Fig. 4C), whereas, the UCP3 mRNA expression
as significantly reduced in the energy-restricted
roup (OVX 2 E 1 D) (Fig. 4C) compared with the
ther groups (P , 0.05). The UCP1 expression was
lso evaluated in skeletal muscle, however, no UCP1
RNA was detected.

ISCUSSION

Shortly after ovariectomy the rats begin to overeat
hich is followed by a concomitant increase in body
eight and adiposity, and all these changes can be

everted by estrogen treatment as also previously de-
194
ffect food intake, as also demonstrated in the present
tudy, therefore the changes in body weight might just
e secondarily to changes in food intake. However, by
he inclusion of an energy-restricted OVX group, we
re able to distinguish between those effects on body
eight that are mediated through the effects of estro-
ens on food intake, and those effects of estrogen that
re separate from food intake. When analyzing the rats
n energy restricted diet we found that in order to
atch the weight gain in sham-operated rats with free

ccess to chow, we had to reduce the food intake in
VX rats to 84% of the sham-operated rats, indicating

hat the caloric efficiency was higher in estrogen defi-
ient rats, these findings are well in line with the
ndings of Roy and Wade (5) showing that OVX rats
iven a mean food ration of 80% of the ad libitum
ntake in sham operated rats prevented the post-OVX
besity to develop.
Many studies support the notion, that estrogen

reatment is associated with increased oxygen con-
umption (energy expenditure) (6, 8, 13, 14). The rea-
on for the increase in energy production is not settled,
owever, some studies suggest that estrogen treatment

s associated with an increase in heat loss (6, 15, 16). In
ddition estrogen treated rats have increased behav-
oral activity (17)) which also tend to increase the en-
rgy expenditure. However, Laudenslager et al. (6) el-
gantly demonstrated that estrogen treatment of
variectomized rats was associated with increased
eat production even in restrained rats; furthermore,
he rats were shaved in order to equalize for any pos-
ible differences in insulation (fur thickness) (6). In
ddition in the study by Roy and Wade (5) a nonsteroi-
al anti-estrogen (MER-25) was used, which is fully
strogenic for food intake. Thus, it depresses food in-
ake and body weight gain similar to that of estrogen;
owever, this compound does not stimulate voluntary
xercise (3), demonstrating that estrogens can cause
eight loss independent of an increase in exercise.
hus, it seems that other mechanisms than decreased

ood intake and increased voluntary exercise affect
ody-weight change in estrogen-treated OVX rats.
The present study demonstrates that estrogen defi-

ient rats (OVX 2 E 1 D) were more food-efficient
ecause they had to consume 16% less chow than
ham-operated control rats in order for the two groups
o obtain similar weight gain. In addition, the estrogen-
eficient rats on energy restriction (OVX 2 E 1 D)
hich actually consumed the same amount of food as

he estrogen treated rats (OVX 1 E) had a higher
eight gain and contained more adipose tissue than

he OVX 1 E rats. These findings are very suggestive
f a lower energy expenditure in the estrogen deficient
ats, which is also suggested in a recent paper studying
strogen receptor a knockout mice (7). The knockout
ice demonstrated an 11% reduction in energy expen-
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iture compared to wild-type mice; accordingly, they
ecame more obese than their wild-type littermate
ven though the food intake was similar in the two
roups (7). This notion is substantiated in our present
tudy by the demonstration that the expression of the
ncoupling proteins in different tissues are regulated
y estrogens. In BAT, which probably is the most im-
ortant tissue for regulation of energy expenditure in
odents, the UCP1 expression in estrogen deficient rats
as significantly lower than that of the estrogen-

FIG. 4. (A) Expression of UCPs in BAT. The UCP1, UCP2 and U
aterials and methods section. (B) Expression of UCP2 and UCP3 m

nd UCP3 mRNA to b-actin mRNA in skeletal muscle (*, P , 0.05
195
reated OVX rats (OVX 1 E) or control rats. In 1984
artness et al. (8) described that estrogen treatment of
VX rats was associated with increased oxygen con-

umption, but if BAT was denervated the increase in
xygen consumption after estrogen treatment could be
locked, indicating that the BAT is an important tissue
or the estrogen effects on energy expenditure and that
n intact innervation is important for the estrogen
ffects on energy expenditure. In a recent publication
he regulation of UCP1 in BAT was investigated dem-

3 mRNA to b-actin mRNA expression were calculated as stated in
A to b-actin mRNA in white adipose tissue. (C) Expression of UCP2
NOVA followed by Duncan’s post hoc analysis).
CP
RN
, A



onstrating that female rats had significantly higher
U
t
w
s
c
v
t
t

a
c
s

(
e
t
T
p
f
e
fi
r
m

c
t
s
s
d
s
d
t
e
e
t
h

s
d
i
t
p
fi
t
r

R

4. Landau, I. T., and Zucker, I. (1976) Estrogenic regulation of body

1

1

1

1

1

1

1

1

1

1

2

2

2

Vol. 288, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
CP1 expression in BAT (18), in contrast they reported
hat the incubation of cultured BAT-precursor cells
ith estradiol actually decreased the norepinephrine

timulated UCP1 expression. Thus there seems to be
onflicting results on the effects of estrogen on BAT in
ivo compared to in vitro, which might indicate that
he effects on BAT are indirect and might involve ac-
ivation of the sympathetic nervous system.

Furthermore, we found that the UCP2 expression in
dipose tissue was significantly lower in estrogen defi-
ient rats and the reduction in UCP2 mRNA expres-
ion could be normalized by estrogen treatment.
Finally, the OVX group that was on food-restriction

OVX 2 E 1 D) had a significant lower UCP3 mRNA
xpression than the OVX 2 E group, and also lower
han the two other groups (control and OVX 1 E).
hese findings indicate that skeletal muscle UCP ex-
ression is not regulated by estrogens, whereas, mild
ood restriction seems to down regulate UCP3 mRNA
xpression, a finding which is well in line with the
ndings of Boss et al. (19) showing that moderate food-
estriction is associated with a decrease in skeletal
uscle UCP3 expression.
From the present study it seems clear that estrogens

an modulate the expression of UCP2 in white adipose
issue; however, the exact nature of this regulation is
till not settled. Adipose tissue contains both the clas-
ical estrogen receptor a (20–22) but also the newly
escribed estrogen receptor b (23, 24), thus, it is pos-
ible that estrogen can influence the UCP2 expression
irectly through binding to one of these estrogen recep-
ors. However, it is also possible that the observed
ffects on UCP expression are caused indirectly by
strogen, possibly by estrogen affecting the sympa-
hetic nervous system (25) or through changes in other
ormones/metabolites.
In conclusion the uncoupling proteins in adipose tis-

ue (UCP1 in BAT and UCP2 in WAT) seem to be
ownregulated in estrogen-deficient rats, and normal-
ze after estrogen substitution. The pattern of regula-
ion of the UCPs is in accordance with the well-known
attern of energy expenditure in OVX rats. Thus, our
ndings might indicate of a role for these proteins in
he regulation of energy expenditure by estrogen in
ats.
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