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Menopause is associated with increased visceral adiposity and disrupted glucose homeostasis, but
the underlying molecular mechanisms related to these metabolic changes are still elusive. Brown
adipose tissue (BAT) plays a key role in energy expenditure that may be regulated by sexual steroids,
and alterations in glucose homeostasis could precede increased weight gain after ovariectomy.
Thus, the aim of this work was to evaluate the metabolic pathways in both the BAT and the liver
that may be disrupted early after ovariectomy. Ovariectomized (OVX) rats had increased food
efficiency as early as 12 days after ovariectomy, which could not be explained by differences in feces
content. Analysis of isolated BAT mitochondria function revealed no differences in citrate synthase
activity, uncoupling protein 1 expression, oxygen consumption, ATP synthesis, or heat production
in OVX rats. The addition of GDP and BSA to inhibit uncoupling protein 1 decreased oxygen
consumption in BAT mitochondria equally in both groups. Liver analysis revealed increased tri-
glyceride content accompanied by decreased levels of phosphorylated AMP-activated protein
kinase and phosphorylated acetyl-CoA carboxylase in OVX animals. The elevated expression of
gluconeogenic enzymes in OVX and OVX � estradiol rats was not associated with alterations in
glucose tolerance test or in serum insulin but was coincident with higher glucose disposal during
the pyruvate tolerance test. Although estradiol treatment prevented the ovariectomy-induced
increase in body weight and hepatic triglyceride and cholesterol accumulation, it was not able to
prevent increased gluconeogenesis. In conclusion, the disrupted liver glucose homeostasis after
ovariectomy is neither caused by estradiol deficiency nor is related to increased body mass.
(Endocrinology 155: 2881–2891, 2014)

Estrogen deficiency is accompanied by increases in body
weight associated with higher visceral adiposity. Obe-

sity-related metabolic complications, such as insulin re-
sistance, type 2 diabetes, and cardiovascular diseases, are
related to this condition (1, 2) and are observed in post-
menopausal women and in animal models of castration or
estradiol (E2) signaling deficiency. Accordingly, ovariec-

tomized (OVX) mice (3, 4), aromatase knockout (ArKO)
mice (5), and estrogen receptor (ER)-� knockout mice (6)
all develop obesity.

Although estradiol deficiency slightly increases food in-
take (7–9), hyperphagia does not seem to be the primary
cause of obesity in animals with disrupted estradiol sig-
naling. Interestingly, OVX animals pair fed to OVX that
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received E2 (OVX � E2) gain more weight than the group
receiving E2 (3), suggesting that alterations in energy ex-
penditure may play a role in the obese phenotype of OVX
animals. In fact, recent reports have shown decreased en-
ergy expenditure not only after ovariectomy (1, 10) but
also when ER� is silenced in the ventromedial nucleus of
the hypothalamus, a key center of energy homeostasis (8).
However, the mechanisms underlying these changes in en-
ergy expenditure are not well understood and may be a
consequence rather than a cause of the weight gain.

Brown adipose tissue (BAT) plays a key role in ther-
mogenesis in small rodents and newborn humans. The
thermogenic ability of BAT is attributed to the high abun-
dance of mitochondria found in this tissue and the unique
presence of uncoupling protein 1 (UCP1) in the mitochon-
drial inner membrane. When activated, UCP1 uncouples
the proton electrochemical gradient from ATP synthesis
(11, 12). Recent data indicate that adult humans also have
UCP1-positive fat depots, and these results have increased
the interest in the contribution of BAT to body weight
regulation in humans (13, 14). Previous studies have
shown gender dimorphism in the thermogenic capacity of
BAT (15, 16), such as differences in the levels of adrenergic
receptors, the size of mitochondria and UCP1 content
(17). Nadal-Casellas et al (18) reported an increase in the
amount of mitochondrial DNA but a decrease in oxidative
capacity in BAT at 5 weeks after ovariectomy. Taken to-
gether, these data raise the question of whether decreased
BAT activity could be an early event linked to the increased
weight gain that occurs after ovariectomy.

Concomitant with body weight gain, postmenopausal
women also display increased incidence of hepatic steato-
sis (19) and disrupted glucose homeostasis (2, 20). E2 sig-
naling in the liver is important in the prevention of diabetes
mellitus and hepatic steatosis (21, 22) because this steroid
hormone suppresses the expression of enzymes involved in
lipogenesis in mice fed a high-fat diet (23). Animals devoid
of aromatase activity (ArKO) display hepatic steatosis as-
sociated with a decrease in the expression and activity of
fatty acid �-oxidation enzymes in the liver (24). Further
evidence indicates that E2 down-regulates hepatic glucose
production (21, 25–27), but it is not known whether in-
creased gluconeogenesis is secondary to the accumulation
of fat in the liver and whether it precedes insulin resistance.
Moreover, Liu et al (28) recently reported an increased
endogenous glucose production after E2 administration in
the ventromedial hypothalamic nucleus of OVX rats.
Thus, although hepatic glucose production is regulated by
a balance between insulin and counterregulatory hor-
mones (29), the E2 effect on gluconeogenesis is not fully
understood and requires further investigation.

Thus, the goal of this work was to evaluate whether
impaired BAT thermogenic activity or changes in liver
metabolic parameters are involved in the early events re-
lated to increased body weight gain in OVX rats. The
result was that, early after ovariectomy, we observed he-
patic metabolic changes that led to an increased glucose
production that was not prevented by estradiol treatment
and triacylglycerol accumulation that was completely pre-
vented by estradiol.

Materials and Methods

Experimental groups
Female Wistar rats weighing approximately 200 g (2 mo old)

were maintained at 22°C in a 12-hour light, 12-hour darkness
cycle. Food and water were available ad libitum. The rats were
divided into three groups: sham-operated (SHAM), ovariecto-
mized (OVX), and ovariectomized treated with 17�-estradiol [7
�g/kg body weight (b.w.)]. Animals were individually housed,
and food intake, feces amount, and body weight gain were mon-
itored. Twelve or 20 days after ovariectomy, the rats fasted over-
night (during the light cycle) and were euthanized by decapita-
tion. Blood was collected from the trunk, and serum was
obtained by centrifugation of the blood at 1500 � g for 20 min-
utes. The Institutional Committee for Use of Animals in Research
approved the study (number IBQM062).

Glucose, insulin, and pyruvate tolerance tests
These tests were performed at 12 or 21 days after ovariectomy.

Totest forglucose tolerance, ratswere fastedovernight,andglucose
levels were measured before and after glucose injection (1.75 g/kg
b.w., administered ip) using commercially available glucose test
strips and a glucometer (Accu-Chek Active). The blood glucose
concentration was measured over a period of 90 minutes. The same
procedure was used for the pyruvate and insulin tolerance tests, but
instead of glucose, sodium pyruvate (2 g/kg b.w.) and insulin (0.75
U/ kg b.w.) were injected ip.

Serum analyses
Triglycerides, cholesterol, and high-density lipoprotein

(HDL) were determined using commercial kits (Bioclin); very
low-density lipoprotein (VLDL) and low-density lipoprotein
(LDL) were calculated according to the Friedewald equation.
Serum insulin was determined by an ELISA (EZRMI-13K; Mil-
lipore). Estradiol and progesterone were determined by an elec-
trochemiluminescence immunoassay (Modular Analytic E170;
Roche Diagnostics). FSH and LH were measured using the Mil-
liplex map kit (rat pituitary magnetic bead panel; Millipore).

Isolation of mitochondria from BAT
Mitochondria were isolated from BAT using a Percoll gradi-

ent as previously described (30), and the protein concentration
was measured by the Folin-Lowry method using albumin as the
standard (31).
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Oxygen consumption
Oxygen consumption rates were measured by high-resolution

respirometry (Oroboros Oxygraph-O2K) at 35°C. The assay
medium contained 0.5 mM EGTA, 3 mM MgCl2, 60 mM K-
Mes, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM
sucrose, 5 mM pyruvate plus malate, and 0.2 mM ADP. When
indicated, 0.1% bovine serum albumin-fatty acid free (BSA-faf)
and 3 mM GDP were added to inhibit UCP1.

ATP synthesis
ATP synthesis was determined measuring the incorporation

of 32Pi into [�-32P] ATP. 32Pi excess was extracted from the
medium as phosphomolybdate with 2-butanol benzene, as pre-
viously described (30). The assay medium was the same as that
used for the oxygen consumption measurement.

Heat generation
The heat generated by isolated BAT mitochondria was mea-

sured using an Omega isothermal titration calorimeter from Mi-
crocal, Inc. The calorimeter sample cell (1.5 mL) was filled with
the reaction medium, and the reference cell was filled with Mil-
li-Q water (Millipore). After equilibration at 35°C, the reaction
was started by injecting mitochondria into the sample cell, and
the heat change was recorded over a 20-minute period. Heat
changes measured during the initial 2 minutes after the injection
of mitochondria were discarded to avoid artifacts, such as
changes resulting from the heat produced by the dilution of the
mitochondria suspension (32).

Hepatic triglyceride and cholesterol content
Fifty milligrams of liver were homogenized with 350 �L of

PBS and 350 �L of deoxycholic acid (0.25%) and incubated at
37°C for 5 minutes. Ten microliters of the homogenate were used
to measure the hepatic triglyceride and cholesterol content using
commercial kits (Bioclin).

RNA isolation and real-time PCR
Liver total RNA was extracted using the RNeasy Plus minikit

(QIAGEN) in accordance with the manufacturer’s instructions.
After deoxyribonuclease treatment, reverse transcription was
followed by real-time-PCR, which was performed as previously
described (14, 33). Specific oligonucleotides, detailed in Supple-
mental Table 1, were purchased from Applied Biosystems. The
peptidylprolyl isomerase A gene was used as an internal control
for the rat liver.

Gel electrophoresis and immunoblotting
Liver tissue samples (50 mg) were homogenized in protein

lysis buffer containing 150 mM NaCl, 1 mM MgCl2, 2.7 mM
KCl, 20 mM Tris (pH 8.0), 1% Triton X-100, 10% glycerol, 0.5
mM NaVO4, 1 �M phenylmethylsulfonyl fluoride, 10 mM NaF,
and both protease inhibitor and phosphatase inhibitor cocktails
(Sigma P8340 and Sigma P0044, respectively) using a homoge-
nizer (Ultra-Turrax T25; Fisher Scientific Inc). After centrifuga-
tion at 1500 � g, the supernatant was collected, and the protein
concentration was determined using a bicinchoninic acid assay
kit (Pierce) as instructed by the manufacturer. Protein samples
were resolved on polyacrylamide SDS-PAGE gels according to
Laemmli (34) as follows: 7.5% for AMP-activated protein kinase

(AMPK) and acetyl-CoA carboxylase (ACC) proteins and 10%
for phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-
phosphatase (G6Pase), and UCP1. Electrotransfer of proteins
from the gel to polyvinylidene difluoride membranes was per-
formed for 120 minutes at 110 V in a buffer consisting of 192
mM glycine and 20% methanol. The membranes were blocked
with 5% BSA in Tris-buffered saline containing 0.1% Tween 20
for 1 hour at room temperature. The membranes were then in-
cubated with primary antibodies (Supplemental Table 2) over-
night at 4°C, after which they were washed and incubated with
secondary antibody for 2 hours at room temperature. The de-
tection of the immunocomplex was performed using an en-
hanced chemiluminescence detection kit.

Statistical analysis
Unless specified in the figure legend, data were analyzed by

one-way ANOVA in each group of animals, at 12 or 21 days after
OVX with respect to the correspondent SHAM and E2-treated
rats, followed by the Newman-Keuls multiple-comparison test.
Statistical analyses were performed using the software GraphPad
Prism (version 5; GraphPad Software, Inc).

Results

Metabolic parameters
As previously reported (1, 35), we confirm that ovari-

ectomy induced an increase in body weight gain at 12 and
21 days after the surgery, which was prevented by E2
treatment (Table 1 and Figure 1A). OVX rats had de-
creased uterine weight and serum E2 when compared with
SHAM and OVX � E2 rats. These parameters were
slightly greater in OVX � E2 compared with SHAM rats
(Table 1). The efficacy of the surgery was also confirmed
by higher serum FSH and LH levels in OVX rats (Table 1).
In accordance with the well-known inhibitory effect of
estradiol on appetite (7), OVX animals exhibited a signif-
icantly higher food intake than SHAM-operated and
OVX � E2 rats (Figure 1B). To evaluate whether in-
creased intestinal absorption could contribute to the in-
crease in body weight gain, we also measured feces
amount. In fact, OVX rats had a greater amount of feces
at 21 days after ovariectomy (Figure 1C), which is most
likely secondary to the increased food intake such that
there was no difference in the ratio of feces/food intake
between the three groups (Figure 1D). Food efficiency
(body weight gain per food intake) was significantly
greater in OVX compared with SHAM and OVX � E2
(Figure 1E), and these results show that at 12 days after
ovariectomy, OVX rats are already prone to becoming
overweight, which may be secondary to decreased energy
expenditure.
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BAT thermogenic activity
It has been established that BAT morphology differs

between male and female rats (15–17), but the effects of
ovarian hormones on BAT mitochondria are still contro-
versial (18, 36). To determine whether altered BAT ther-
mogenesis could contribute to the increase in body weight
gain observed after ovariectomy, we analyzed BAT ther-
mogenic activity in OVX rats at 12 and 21 days after the
surgery. There were no differences in BAT weight (Figure
2A). Although peroxisome proliferator-activated receptor

� coactivator 1-alpha (PGC-1�) was decreased after ovari-
ectomy (Figure 2B), citrate synthase activity was not dif-
ferent between SHAM and OVX, which indicates that the
mitochondrial content in BAT from short-term OVX an-
imals was normal (Figure 2C). However, the ratio of BAT
weight to body weight was already decreased in OVX rats
comparedwithSHAMat12daysafter the surgery (SHAM
0.87 � 0.05 vs OVX 0.76 � 0.02, 12 d; SHAM 0.93 �
0.03 vs OVX 0.79 � 0.03, 21 d), probably due to in-
creased body mass. Additionally, there were no differences

Table 1. Metabolic Characteristics of SHAM, OVX and OVX � E2 at 12 and 21 Days After Surgery

12 Days 21 Days

SHAM OVX OVX � E2 SHAM OVX OVX � E2

Body weight gain, g 26.3 � 1.0a 43.4 � 2.3b 26.4 � 2.1a 36.9 � 2.0a 64.4 � 3.2b 31.8 � 1.7a

E2, pg/mL 10.8 � 2.96a 5.01 � 0.01b 22.1 � 1.98c 12.7 � 1.99a 5.4 � 0.50b 18.3 � 4.42a

Progesterone – – – 62.0 � 26.5 5.8 � 1.7 18.8 � 4.2
FSH, ng/mL* 1.62 15.17 3.57 0.59 4.92 ND
FSH, minimum and maximum (1.03–3.03) (10.67–19.75) (1.83–5.55) (0.01–1.46) (2.89–7.69) ND
LH, ng/mL* 0.41 6.60 0.24 0.22 1.44 ND
LH, minimum and maximum (0.27–0.58) (2.41–18.99) (0.11–0.48) (0.09–0.27) (0.84–2.1) ND
Uterus weight, g 0.44 � 0.05a 0.09 � 0.01b 0.64 � 0.06c 0.32 � 0.02a 0.10 � 0.02b 0.52 � 0.03c

TG, mg/dL 46.3 � 5.0a 46.8 � 3.3a 68.3 � 6.2b 45.5 � 2.6 35.9 � 2.4 47.1 � 9.0
Total cholesterol, mg/dL 51.3 � 2.7a 66.1 � 2.1b 69.3 � 3.4b 42.9 � 3.1a 69.1 � 5.1b 61.4 � 5.3b

VLDL cholesterol, mg/dL 9.3 � 1.0a 9.4 � 0.7a 13.7 � 1.3b 9.1 � 0.5 7.2 � 0.5 9.4 � 1.8
LDL cholesterol, mg/dL 25.1 � 1.7a 31.9 � 1.3b 26.0 � 2.3a 19.1 � 2.6a 43.4 � 7.4b 22.7 � 1.1a

HDL cholesterol, mg/dL 21.8 � 1.0a 24.8 � 0.9a 30.2 � 1.5b 11.7 � 0.8a 16.3 � 1.1b 23.8 � 3.2c

Serum insulin, ng/dL – – – 0.32 � 0.1 0.27 � 0.04 –

Abbreviation: ND, not detectable. Serum analysis was performed after an overnight fasting. Data are represented as average � SEM of 6–18.
Dashes mean not measured. Different letters mean averages were significantly different.
* FSH and LH are shown as median and range.

Figure 1. Effect of ovariectomy and E2 treatment on body weight gain, food intake, and feces amount. Body weight gain (A), food intake (B),
and feces content (C) were measured throughout the 12 and 21 days after the surgery. Feces/food intake (D) and food efficiency (E) were
calculated as grams of feces or b.w. gained per gram of food consumed. The figure represents average � SEM of 4–19. Different letters mean
averages were significantly different (P � .05) between the groups.
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in UCP1 expression in isolated BAT mitochondria from
OVX rats at 21 days after the surgery (Figure 2D).

To evaluate mitochondrial physiology, we isolated mito-
chondriaandmeasuredtheiroxygenconsumption,ATPsyn-
thesis, and heat production at 12 and 21 days after ovariec-
tomy. When indicated, GDP and BSA were added to inhibit
UCP1 activity. BAT mitochondrial oxygen consumption
was not different between the SHAM and OVX rats; in both
groups, oxygen consumption decreased in the presence of
GDP and BSA (Figure 2E), as expected (37). A large increase
in ATP synthesis was observed when UCP1 was inhibited in
both groups, and the increment was slightly greater in the
OVXrats comparedwithSHAMat12daysafter the surgery
(Figure 2F). As expected, heat production followed the same
pattern observed for oxygen consumption (Figure 2G). Al-
together these results suggest that BAT mitochondria dys-
function is not implicated in the higher food efficiency found
in short-term OVX animals.

Serum lipid profile
To determine whether changes in the lipid profile occur

early after ovariectomy, even in animals eating a chow

diet, we analyzed the serum lipid profile at 12 and 21 days
after surgery. Serum fasting total cholesterol was greater in
both OVX and OVX � E2 group at 12 and 21 days after
ovariectomy. At 12 days, these higher levels were accounted
for by increased LDL cholesterol in the OVX group and
increased VLDL and HDL cholesterol in the OVX � E2
group(Table1).This lattergroupalsodisplayedhigher levels
of serum triglyceride. At 21 days, the increase in total cho-
lesterol was accounted for by increased LDL and HDL cho-
lesterol in the OVX group and increased HDL cholesterol in
OVX � E2 rats. In contrast, OVX rats have slightly de-
creased serum triglyceride and VLDL cholesterol levels com-
pared with SHAM and OVX � E2 (Table 1). We also mea-
sured mRNA levels for 3-hydroxy-3-methylglutaryl
coenzymeA(HMG-CoA)reductase,anenzymethatplaysan
important role in cholesterol biosynthesis. Concomitant
with the increase in total cholesterol, OVX and OVX � E2
rats displayed increased mRNA levels for HMG-CoA reduc-
tase at 21 days and at 12 and 21 days, respectively.

Hepatic lipid metabolism
Accumulation of fat in the liver was previously detected

only 6 weeks after ovariectomy (38). We measured liver

Figure 2. BAT thermogenic activity 12 and 21 days after ovariectomy. BAT was weighed (A); PGC-1� mRNA levels were relative to SHAM (B);
citrate synthase activity was measured in total homogenate (C); mitochondria were isolated, and 2.5 �g was used to load the gel, and
immunodetection was determined using UCP1 and CoxIV (subunit IV of complex IV, loading control) antibodies (representative). Densitometric
analysis (average � SE) represents arbitrary units relative to SHAM (D). Oxygen consumption (E) was measured in a high-resolution oxygraph
(Oxygraph-2k; Oroboros). ATP synthesis (F) was measured radioactively. Heat production (G) was determined using an Omega isothermal titration
calorimeter. Panels E, F, and G were measured in isolated mitochondria and the assay medium was as described under Materials and Methods. The
figure represents average � SEM of 4–10. *, P � .05 (vs control); #, P � .05 vs SHAM. O, OVX; S, SHAM.
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triglyceride and cholesterol levels at 12 and 21 days after
the surgery, ie, after a shorter period than previously de-
scribed. Hepatic cholesterol was lower in OVX � E2 rats
compared with SHAM and OVX at 12 days after ovari-
ectomy and was increased in OVX rats compared with
SHAM and OVX � E2 at 21 days after ovariectomy (Fig-
ure 3B). A similar result was observed for hepatic triglyc-
eride content, although it did not reach statistical signif-
icance (Figure 3A). We measured mRNA levels for sterol
regulatory element-binding protein 1c (SREBP1c), a tran-
scription factor that targets important lipogenic genes.

SREBP1c mRNA was slightly greater in both OVX and
OVX � E2 compared with SHAM at 12 days after
ovariectomy.

Phosphorylation of ACC by AMPK is one important
step that regulates fatty acid synthesis and oxidation (3).
We found that both ACC and AMPK were less phosphor-
ylated in the liver of OVX rats compared with SHAM
(Figure 3, D and E), which may explain the increased tri-
glyceride content. E2 treatment partially prevented the
decrease in pAMPK and pACC observed in OVX rats (Fig-
ure 3, D and E). Surprisingly, mRNA levels for AMPK�1

and AMPK�2 subunits were higher
in OVX animals than in SHAM an-
imals at 21 days after the surgery
(Table 2). OVX and OVX � E2 rats
displayed increased mRNA levels for
AMPK�1 compared with SHAM at
21 days and 12 and 21 days, respec-
tively (Table 2). The level of liver ki-
nase B1 (LKB1) mRNA, one of the
kinases that phosphorylates AMPK,
was also elevated in OVX and OVX
� E2 compared with SHAM (Table
2), but LKB1 protein levels were not
different between the groups (Figure
3C). Carnitine palmitoyltransferase
1a mRNA did not differ significantly
in OVX and OVX � E2 compared
with SHAM animals (Table 2). The
increased mRNA levels of LKB1 and
AMPK subunits in OVX and OVX �
E2 compared with SHAM rats (Ta-
ble 2) suggest that the liver transcrip-
tional regulation of these genes are
depend on ovarian mediators other
than estrogen. However, pAMPK
changes are directly related to estra-
diol effects because it has been
shown that estradiol rapidly (min-
utes) increases pAMPK (3), and es-
trogen replacement was able to nor-
malize liver pAMPK herein.

Insulin sensitivity and liver
glucose metabolism

Despite their augmented body
weight, after 21 days, the OVX rats
had no impairment in the insulin
(Figure 4A) and glucose tolerance
tests (Figure 4B) and no changes in
fasting serum insulin (Table 1).
However, OVX rats had increased

Figure 3. Effect of ovariectomy and E2 treatment on lipid metabolism in the liver. Liver TG (A)
and cholesterol (B) were measured as described. Thirty micrograms of total homogenate were
used to load the gel, and immunodetection was determined using LKB1 (C), pAMPK and AMPK
(D), and pACC and ACC (E) antibodies (representative). Densitometric analysis represents
arbitrary units relative to SHAM. The figure represents the average � SEM of 4–15. Different
letters mean averages were significantly different (P � .05) between the groups. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; O, OVX; S, SHAM; E2, OVX treated with E2.
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glucose production during the pyruvate tolerance test
when compared with SHAM at 21 days after ovariectomy
(Figure 4C). Despite preventing body weight gain and he-
patic triglyceride (TG) increase, E2 treatment did not pre-
vent the increase in glucose production during the pyru-
vate tolerance test (Figure 4C). In fact, E2 treatment alone
tended to increase glucose production at 12 days after
ovariectomy (Figure 4C).

To gain further insight into the causes of the disrupted
glucose metabolism usually observed after menopause, we
measured the expression of enzymes that play an impor-
tant role in hepatic glucose production. There was a sig-
nificant increase in the mRNA levels of G6Pase in the liver
of OVX animals when compared with SHAM and OVX
� E2 rats. In fact, OVX � E2 rats had lower G6Pase
mRNA levels than SHAM and OVX at 12 days after ovari-
ectomy (Figure 5A). PEPCK mRNA levels were increased
in OVX rats at 21 days after ovariectomy, and E2 treat-
ment resulted in further increase (Figure 5C). G6Pase pro-
tein was also increased in OVX compared with SHAM
and OVX � E2 rats at 21 days after ovariectomy (Figure

5B). PEPCK protein was increased in OVX � E2 com-
pared with SHAM and OVX at 21 days after the surgery
(Figure 5D). These results suggest that changes in enzymes
that play important roles in gluconeogenesis could con-
tribute to the increase in glucose production in OVX and
OVX � E2 rats. The level of glycogen phosphorylase
mRNA did not differ significantly in both OVX and OVX
� E2 compared with SHAM (Table 2). The glucagon re-
ceptor mRNA level was elevated in OVX and OVX � E2
rats at 12 days after ovariectomy. E2 treatment restored
glucagon receptor mRNA levels to that observed in the
SHAM group at 21 days after the surgery (Table 2). These
results suggest that an increased stimulation of the gluca-
gon-signaling pathway could contribute to the increase in
gluconeogenesis. Ovariectomy also promoted an increase
in PGC-1�, a transcription factor that positively regulates
PEPCK and G6Pase expression, at 21 days after ovariec-
tomy (Table 2). E2 treatment further increased PGC-1�

mRNA (Table 2). TNF receptor-associated factor 2
(TRAF2) is up-regulated in obese mice and is associated
with increased gluconeogenesis and increased response to

Table 2. Real-Time PCR Analysis in Liver at 12 and 21 Days After Ovariectomy

12 Days 21 Days

Targets SHAM OVX OVX � E2 SHAM OVX OVX � E2

Glycogen phosphorylase 1.00 � 0.23 1.5 � 0.22 1.53 � 0.19 1.00 � 0.10 1.53 � 0.23 1.43 � 0.23
LKB1 1.00 � 0.17a 1.68 � 0.24b 1.87 � 0.21b 1.00 � 0.07a 1.41 � 0.01b 2.36 � 0.27c

AMPK�1 1.00 � 0.06 1.27 � 0.19 1.16 � 0.13 1.00 � 0.03a 1.38 � 0.12b 1.18 � 0.15ª,b

AMPK�2 1.00 � 0.14 1.22 � 0.09 1.20 � 0.10 1.00 � 0.05a 1.49 � 0.17b 1.38 � 0.15ª,b

AMPK�1 1.00 � 0.10a 1.14 � 0.12a 2.08 � 0.13b 1.00 � 0.07a 1.38 � 0.12b 2.24 � 0.28c

Glucagon receptor 1.00 � 0.11a 1.49 � 0.06b 1.32 � 0.11b 1.00 � 0.03a 1.32 � 0.09b 0.97 � 0.12a

PGC1� 1.00 � 0.06 1.21 � 0.29 1.22 � 0.24 1.00 � 0.08a 1.80 � 0.30b 2.67 � 0.42c

TRAF2 1.00 � 0.06a 1.25 � 0.16a 1.77 � 0.19b 1.00 � 0.06a 1.01 � 0.07a 1.91 � 0.17b

CPT1a 1.00 � 0.15a 1.49 � 0.21b 0.92 � 0.08a 1.00 � 0.04 1.42 � 0.16 1.42 � 0.13
CPT2 1.00 � 0.07 1.41 � 0.22 1.18 � 0.11 1.00 � 0.07 1.47 � 0.27 1.22 � 0.11
SREBP1c 1.00 � 0.17 1.54 � 0.19 1.78 � 0.37 1.00 � 0.07 1.66 � 0.54 1.86 � 0.38
HMG-CoA reductase 1.00 � 0.17a 1.02 � 0.17a 2.00 � 0.32b 1.00 � 0.20a 2.78 � 0.53b 3.22 � 0.53b

Abbreviation: CPT1a, carnitine palmitoyltransferase 1a. Data are represented as mean � SEM of 5–11 animals. OVX and OVX � E2 data represent
mRNA levels relative to SHAM. Different letters mean averages were significantly different.

Figure 4. Effect of ovariectomy and E2 treatment on glucose metabolism. Insulin was injected ip and glucose concentration was measured (A).
Glucose was injected ip and glucose concentration was measured (B); sodium pyruvate (2 g/kg) was injected ip and glucose concentration was
measured (C). The figure represents the average � SEM of 5–10. Different letters mean averages were significantly different (P � .05) between
the groups. ITT, insulin tolerance test; GTT, glucose tolerance test; PTT, pyruvate tolerance test.
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glucagon (29); the TRAF2 mRNA level was elevated in
OVX � E2 rats compared with SHAM and OVX at 12 and
21 days after the surgery (Table 2).

Discussion

The increase in body weight gain after ovariectomy is in
accordance with previous studies describing the role of
estradiol in the control of energy metabolism (1, 4, 7, 22).
However, the metabolic changes that occur in the early
phase of body weight gain due to estrogen deficiency have
been poorly defined. We show that although food intake
is slightly increased in OVX compared with SHAM and
OVX � E2 rats, a corresponding increase occurs in the
feces amount (Figure 1C), and no differences were de-
tected in the feces to food intake ratio (Figure 1D). These
new findings highlight that metabolic changes related to
higher food efficiency are far more important for body
weight gain than increased energy intake.

Studies in humans have shown a greater incidence of
active BAT in women than in men (39, 40). To verify
whether the increase in food efficiency (Figure 1E) could
be due to decreased BAT oxygen consumption, we per-
formed a detailed analysis of BAT mitochondria function
at 12 and 21 days after ovariectomy. There were no dif-

ferences in BAT weight, citrate synthase activity, and
UCP1 protein content (Figure 2, A, C, and D) at 12 and 21
days after ovariectomy. Recently a small decrease in ci-
trate synthase activity and an increase in UCP1 expression
were reported in ovariectomized rats, but this experiment
was performed 4 weeks after ovariectomy in animals that
underwent the surgery at the age of 5 weeks (18). We have
also shown that oxygen consumption was not different
between SHAM and OVX, even in response to exercise
(41). If altered BAT metabolism played a role in the early
phase of body weight gain in ovariectomized rats, we
should have observed a difference in mitochondrial pa-
rameters as soon as 12 or 21 days after ovariectomy. Ox-
ygen consumption and heat production did not differ be-
tween SHAM and OVX animals at 12 and 21 days after
ovariectomy (Figure 2, E and G). ATP synthesis was only
slightly increased in OVX rats in the presence of GDP and
BSA, suggesting that BAT mitochondria could be more
coupled in the OVX group at 12 days after the surgery
(Figure 2F). This increase in ATP synthesis, however, does
not seem to alter BAT physiology because the major part
of the electrochemical proton gradient is released as heat.
These results show for the first time that differences in
BAT metabolism do not contribute to the early phase of
ovariectomy-induced weight gain.

Figure 5. Effect of ovariectomy and E2 treatment on the expression of gluconeogenic enzymes. Quantitative real-time PCR (relative to the
endogenous target gene ppia) was performed to determine the expression of G6Pase (A) and PEPCK (C). Thirty micrograms of total homogenate
were used to load the gel, and immunodetection was determined using G6Pase, PEPCK, �-tubulin, and GAPDH antibodies. Densitometric analysis
of G6Pase (B) and PEPCK (D) is shown. The figure represents the average � SEM of 8–11. *, P � .05 (vs SHAM). Different letters mean averages
were significantly different (P � .05) between the groups. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; O, OVX; S, SHAM; TUB, tubulin.
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Elevated levels of total cholesterol and HDL were re-
ported in ArKO mice, a mouse model of estrogen defi-
ciency (5). OVX rats had increased total cholesterol com-
pared with SHAM at 12 days after the surgery, which
persisted 21 days after ovariectomy. This increase was due
to elevated LDL cholesterol at 12 days and increased HDL
and LDL cholesterol at 21 days after the surgery. OVX �
E2 rats also displayed increased total cholesterol com-
pared with SHAM, but this change was due to elevated
HDL cholesterol, which was also greater than the values
observed in both SHAM and OVX rats (Table 1). The
increased HMG-CoA reductase mRNA level in OVX and
OVX � E2 compared with SHAM rats (Table 2) suggests
increased cholesterol biosynthesis could be contributing
to the increase in serum cholesterol. However, we cannot
assure that HMG-CoA reductase activity is increased in
both OVX and OVX � E2 because its activity is also
regulated by other factors such as phosphorylation by
AMPK (42). In fact, Trapani et al (43) suggested that the
increased HMG-CoA reductase in aged females compared
with 3-month-old females was associated with decreased
AMPK phosphorylation in aged females.

We also observed a decrease in pAMPK in the liver of
OVX when compared with SHAM rats (Figure 3D), which
was prevented by estrogen replacement. In agreement,
OVX � E2 rats displayed lower hepatic cholesterol con-
tent than SHAM and OVX rats (Figure 3B). On the other
hand, increased serum TG levels in OVX � E2 rats at 12
days after ovariectomy (Table 1) could be explained by
greater VLDL synthesis or secretion (44). Zhu et al (22)
reported increased TG export from the liver in OVX � E2
compared with OVX mice that received a high-fat diet for
5 weeks. They suggest this result contributes to the de-
crease in hepatic TG content after E2 treatment (22).

This seems to be the case in our experiments because
hepatic TG tended to be increased (Figure 3A), and serum
TG (Table 1) was decreased in OVX compared with
SHAM and OVX � E2 rats at 21 days after the surgery.
The increase in liver TG was accompanied by a reduction
in pAMPK and pACC in OVX compared with SHAM rats
(Figure 3, D and E). Because AMPK activation suppresses
ACC activity, lower levels of pAMPK and pACC can lead
to decreased fatty acid oxidation and lipogenesis stimu-
lation. In support of our findings, decreased palmitate ox-
idation was observed in liver slices of OVX Sprague Daw-
ley rats at 5 weeks after ovariectomy (45). Moreover,
isolated hepatocytes from OVX mice displayed lower ox-
ygen consumption than OVX receiving E2 when palmitate
was used as the substrate (10). Also consistent with our
data, Kim et al (27) reported decreased pAMPK and pACC
levels not only in liver but also in skeletal muscle and
adipose tissue in mice at 2 and 10 weeks after ovariectomy.

We also measured mRNA level of SREBP1c, a transcrip-
tion factor that targets important lipogenic genes, and we
found it was elevated in OVX and OVX � E2 compared
with SHAM rats at 12 days after ovariectomy (Table 2).
However, we cannot affirm this change results in in-
creased activity of this transcription factors since SREBP1
is synthesized as a precursor protein bound to the mem-
branes of the endoplasmic reticulum and must be liberated
by a cleavage process (46).

Surprisingly, we observed increased liver mRNA levels
of AMPK subunits and LKB1 after ovariectomy (Table 2),
which are not prevented by estradiol treatment. LKB1 pro-
tein levels were not changed though (Figure 3C). The ovar-
ian hormones effect on LKB1 expression is interesting and
further studies are necessary to fully understand how
LKB1 expression is regulated after ovariectomy and es-
tradiol treatment. However, it was recently shown that
ER� binds to the LKB1 promoter in a ligand-independent
manner and enhances its expression in human breast can-
cer cells (47) and that the balance between androgens and
estrogens can regulate LKB1 expression in white adi-
pocytes (48). The changes in pAMPK levels, however,
could be a direct and rapid effect of estradiol, as previously
reported in myocytes (3).

OVX mice display increased PEPCK and G6Pase
mRNA levels 2 weeks after ovariectomy (27). We show
that not only the mRNA but also G6Pase protein levels are
increased in OVX compared with SHAM and OVX � E2
rats (Figure 5, A and B, respectively). Moreover, OVX �
E2 rats had decreased G6Pase mRNA levels compared
with SHAM and OVX rats at 12 days after ovariectomy
(Figure 5A), which was already reported by Bryzgalova et
al (23). The changes in G6Pase mRNA levels cannot be
explained by differences in PGC-1� mRNA level because
it was not changed at 12 days after ovariectomy, and the
highest level was found in OVX � E2 rats at 21 days after
the surgery (Table 2). The discrepancy between PGC-1�

and G6Pase expression can be associated with differences
in PGC-1� activity, which is also regulated by acetylation
(49). Surprisingly, PEPCK mRNA and protein levels were
increased in OVX � E2 compared with SHAM and OVX
rats at 21 days after ovariectomy (Figure 5, C and D, re-
spectively). Concomitant with increased G6Pase and
PEPCK expression in OVX and OVX� E2, respectively,
both groups produced more glucose during the pyruvate
tolerance test at 21 days after the surgery (Figure 4C),
suggesting changes in gluconeogenic enzymes plays a piv-
otal role in this process. In addition, the elevated levels of
gluconeogenic enzymes were coincident with the up-reg-
ulation of glucagon receptor mRNA in OVX and OVX �
E2 rats at 12 days after ovariectomy (Table 2). Moreover,
the increase in glucose production in OVX � E2 rats can
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also be associated with increased TRAF2 expression (Ta-
ble 2) because this factor was recently associated with an
increase response to glucagon. Additionally, we could not
detect any alterations in glucose and insulin tolerance tests
and in serum insulin (Figure 4, A and B, and Table 1). In
fact, we observed that even at 7 weeks after ovariectomy,
the insulin tolerance test was not yet altered (data not
shown). We thus speculate that the insulin resistance that
occurs in estrogen-deficient animals is a consequence
rather than the cause of obesity.

Postmenopausal women receiving E2 have decreased he-
patic glucose production and glucagon levels in response to
hypoglycemiawhencomparedwithwomennot receivingE2
(50). However, Liu et al (28) showed that E2 injection in the
ventromedial hypothalamus of OVX rats that were not yet
obese actually increased endogenous glucose production.
Moreover, increased glucagon receptor expression in the
liver isusuallyassociatedwithagreater response toglucagon
(51). These results suggest that increased glucagon signaling
may partially account for the changes in the gluconeogenic
enzymes in OVX and OVX � E2 rats, but further experi-
ments are necessary to confirm these data. The increase in
gluconeogenesis observed in OVX rats are not related to
decreased E2 signaling in the hypothalamus because E2 re-
placement did not prevent the increase in glucose production
during the pyruvate tolerance test (Figure 4C). The hypo-
thalamus plays a key role in the regulation of glucose pro-
duction. Musatov et al (8) reported an increased food intake
in response to a 2-deoxy-D-glucose injection in the ventro-
medial nucleus of the hypothalamus in ER� knockout mice.
Moreover, estradiol administration to OVX mice decreases
the hypothalamic response to hypoglycemia (52), and OVX
mice fed a high-fat diet and treated with intracerebroventric-
ular E2 display decreased liver mRNA levels of PEPCK and
G6Pase compared with OVX mice that do not receive estra-
diol (53). The results of Liu et al (28), however, show that E2
in the ventromedial nucleus of the hypothalamus actually
increases endogenous glucose production before the onset of
obesity.Thus,moreexperimentsarenecessary tounderstand
whether the increase inglucoseproduction inOVX�E2rats
observed in our experiments are caused by E2 effect on the
hypothalamus.

In summary, our results show that ovariectomy leads to
increased food efficiency, which cannot be explained by
decreased BAT activity or increased intestinal absorption.
Moreover, although estradiol treatment prevented the in-
crease in body weight gain and hepatic TG and cholesterol
accumulation induced by ovariectomy, it was not able to
prevent increased gluconeogenesis. These results suggest
disrupted liver glucose homeostasis after ovariectomy is
caused by neither estradiol deficiency nor increased body
weight or hepatic steatosis. Moreover, estrogen deficiency

is directly related to the early-onset changes in liver cho-
lesterol and triacylglycerol synthesis that precede the
obese phenotype.
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