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Abstract 

Estrogen deficiency following ovariectomy results in increased adiposity and bone loss, 
which can be prevented by systemic estradiol replacement. Studies in transgenic mice 
suggested that in addition to direct actions of estrogen in peripheral tissues, also 
estrogen signaling in the hypothalamus regulates fat distribution and bone metabolism. 
We hypothesized that the protective effect of systemic estradiol on fat and bone 
metabolism in the ovariectomy model is partly mediated through the ventromedial 
nucleus of the hypothalamus (VMH). To test this hypothesis we determined the effect of 
systemic, central and targeted VMH administration of 17-beta estradiol (E2) on fat and 
bone metabolism in ovariectomized rats. Subcutaneous administration of E2 for 4 weeks 
decreased body weight, gonadal and perirenal fat and bone formation rate in ovariec-
tomized rats. This effect was completely mimicked by intracerebroventricular (ICV) 
injections of E2, once every 4 days for 4 weeks. Administration of E2 locally in the VMH 
by retro-microdialysis (3 h) acutely increased expression of the lipolytic gene hormone 
sensitive lipase (Hsl) in gonadal and perirenal fat. Finally, chronic administration of E2 in 
the VMH for 8 weeks decreased perirenal fat but did not affect body weight, trabecular 
bone volume or cortical thickness. In conclusion, we demonstrated that ICV E2 replace-
ment reduces body weight gain, ameliorates intra-abdominal fat accumulation and 
reduces bone formation in the ovariectomized rats. E2 administration selectively in the 
VMH also reduced intra-abdominal fat, but did not affect bone metabolism. 
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Introduction 

Estrogens play an essential role in energy homeostasis, including white adipose tissue 
and bone metabolism. Estrogen deficiency in postmenopausal women is associated with 
increased risk of obesity and osteoporosis [1, 2]. Ovariectomy in rodents results in an 
imbalance in energy metabolism and bone remodeling leading to increased body 
adiposity and bone loss [3, 4]. These impairments can be restored by systemic estradiol 
(E2) replacement [5-7]. Estrogen receptors are widely expressed in white adipose tissue 
(WAT) and bone cells as well as in the brain [8, 9]. Besides the well-known peripheral 
effects, estrogen also regulates energy metabolism through the central nervous system 
(CNS) [10, 11]. Clegg et al. showed that E2 administration in the third ventricle of rat 
reversed changes in body fat distribution induced by ovariectomy [12]. However, the 
major target of brain region which mediates the rescuing effect of estrogen is not clear 
yet. Earlier studies showed that intrahypothalamic placement of E2 implants in 
ovariectomized rats decreased food intake and body weight [13, 14], which indicates 
hypothalamus could be the candidate of E2 action in the brain. Bone remodeling has 
been discovered to be regulated by the sympathetic nervous system via the beta 2 
adrenergic receptor (Adrb2) [15]. Knockout of the Adrb2 blocked ovariectomy induced 
bone loss, suggesting an essential role of sympathetic signaling in the estrogen 
regulation of bone [16]. Nevertheless, a direct evidence for central regulation of bone 
metabolism by estrogen in rat is lacking. The ventromedial nucleus of the hypothalamus 
(VMH) abundantly expresses the estrogen receptor alpha (ERα) [8, 17] and is a key site 
for estrogenic regulation of energy metabolism. Recent studies indicated that E2 
administered in the VMH reversed the ovariectomy-induced changes in liver glucose 
metabolism [18] and brown adipose tissue (BAT) thermogenesis [19]. In addition, 
blocking estrogen signaling in the VMH by ERα knock-out led to increased visceral fat 
and obesity [20, 21]. Intriguingly, the central effects of leptin on bone and WAT are also 
mediated through the VMH [22-24]. Therefore we investigated whether ICV or VMH 
administration of E2 would affect fat distribution and bone metabolism in ovariecto-
mized rats. First, we administered E2 subcutaneously (SC) or ICV for 4 weeks in 
ovariectomized rats and determined body weight, fat distribution and bone metabolism. 
Next we administered E2 locally in the VMH for 3 hours via retro-dialysis and determined 
expression of lipid metabolism regulating genes in different WAT compartments. Finally 
we determined the effect of chronic E2 administration (8 weeks) in the VMH on body fat 
distribution, metabolic parameters and bone quality. We showed that ICV E2 administra-
tion restored part of the ovariectomy-induced alterations in WAT and bone metabolism. 
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The VMH appeared to mediate the effects of E2 on WAT metabolism and fat distribution, 
but not on bone.  

Material and methods 

Animals 

Female Wistar rats weighing 200-240 g (Charles River Breeding Laboratories, Sulzfeld, 
Germany) were housed individually in a 12h-12h light-dark cycle at room temperature of 
20-23 0C. Chow and water were provided ad libitum. After one week acclimatization in 
the facility, surgery was performed under anesthesia by an intramuscular injection of 
Hypnorm (fentanyl, 0.252 mg/kg BW; fluanisone, 8 mg/kg BW; Janssen, High Wycombe, 
Buckinghamshire, UK) followed by a subcutaneous Midazolam (1 mg/kg BW, Roche, 
Almere, the Netherlands) injection. All procedures were approved by the Animal Care 
Committee of the Royal Netherlands Academy of Arts and Sciences.  

Surgery 

Depending on the experimental conditions one or more of the following procedures 
were performed during surgery. Ovaries were removed through a 2 cm incision in the 
ventral midline of the abdomen. During sham operation, a piece of fat attached to the 
ovaries was removed leaving the ovaries untouched. A jugular catheter was placed in the 
right jugular vein for blood sampling. The catheter was tunneled subcutaneously behind 
the ear to the top of the head and connected to a bended needle which was fixed on the 
skull by dental cement. A single ICV probe was placed in the left lateral ventricle using a 
Kopf stereotaxic apparatus with the following coordinates [25]: anteroposterior: -0.8 
mm, lateral: 1.6 mm and ventral -3.0 mm from bregma. Two microdialysis probes were 
placed bilaterally in the VMH using the stereotaxic apparatus (anteroposterior: -2.3 mm, 
lateral: 2.2 mm, ventral -8.8 mm from bregma; angle of arm: 10°). E2-containing 
beeswax pellets or blank beeswax pellets were implanted bilaterally into the hypotha-
lamic VMH, using the following stereotaxic coordinates from bregma: anteroposterior: -
2.3 mm, lateral: 2.2 mm, ventral: -7.9 mm, and angle of arm: 10°. Probe and pellet 
placements were checked in 20 μm cresyl violet stained brain sections of each animal at 
the end of the experiment. 

17-β estradiol administration 

17-β estradiol 3-benzoate (Sigma, E8515, St. Louis, USA) was dissolved in sesame oil 
(Sigma, St. Louis, USA) to a concentration of 20 µg/ml. SC E2 (2 µg in 100ul) or the same 
amount of sesame oil was injected every four days for one month. Previous studies 

Central E2, fat and bone 

69 

indicate that this dose induces a near-physiological pattern of plasma E2, body 
weight, food intake and bone metabolism in ovariectomized rats [26-28]. For ICV E2 
administration, 1 µl E2 (20 ng/µl) or sesame oil was injected via the ICV probe every four 
days for one month. For E2 microdialysis in the VMH, E2 was first dissolved in dimethyl 
sulfoxide (DMSO) at 1 mg/ml. The working solution was further diluted into 10 µg/ml 
with Ringer solution. On the day of the experiment, E2 (30 ng/min) or vehicle (Ringer 
with 1% DMSO) was perfused through the microdialysis probes for 3 hours at a speed of 
3 μl/min. For E2 pellet implantation in the VMH, a slow E2 releasing beeswax pellet was 
used. Estradiol was first dissolved in ethanol at 10 mM and then mixed with warm 
beeswax (Sigma 243248, St. Louis, USA) to a final concentration of 50 μM. For the blank 
pellet, the same amount of pure ethanol was mixed with beeswax. After cooling down, 
the beeswax mixture was packaged in the tip of a 23G needle (ID=0.32 mm) and 
trimmed at the length of 1 mm. The size of the pellet and concentration of E2 were 
chosen based on previous studies [29]. In vitro the average E2 release was 10 pg/day. 
During surgery, pellets were placed bilaterally in the VMH area and remained so for 56 
days. 

Experimental groups 

We performed three experiments. An overview of the experimental setup is shown in 
Figure 4.1. 

Experiment-1 In the first experiment, SC or ICV E2 was administered for 4 weeks in 
ovariectomized rats. After ovariectomy (OVX) and placement of ICV probes, animals in 
group 1 (OVX, n=8) received ICV vehicle injections. Group 2 (OVX+SC E2, n=5) received 
SC E2 injections. Group 3 (OVX+ICV E2, n=10) received ICV E2 injections. SC and ICV 
injections were given once every four days. To check for possible E2 leakage from the 
ventricular system to the systemic circulation, two additional groups of ovariectomized 
animals each received a 1 µl bolus ICV E2 (20 ng, E2 ICV, n=5) or vehicle (Veh ICV, n=5). 
In these animals we determined plasma E2 concentrations at 15min, 30min, 45min, 
135min, 24h, 48h and 72h after injection. 

Experiment-2 In the second experiment, we studied the acute effects of E2 in the VMH 
on gene expression in white adipose tissue. The experiment included three groups all 
equipped with bilateral microdialysis probes aimed at the VMH: Group 1 (Sham OVX, 
n=7): animals received sham ovariectomy; group 2 (OVX+VMH Veh MD, n=8) and group 
3 (OVX+VMH E2 MD, n=10): ovariectomized rats received vehicle or E2, respectively. 
Vehicle or E2 was administered for 3 hours in the VMH via reverse microdialysis. 
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Experiment-3 In the third experiment we used a slow-release E2 containing beeswax 
pellet for chronic bilateral E2 delivery within the VMH. Group 1 (Sham OVX, n=8): 
animals received sham ovariectomy. Group 2 (OVX+VMH Veh, n=10): animals received 
ovariectomy and bilaterally blank pellets in the VMH. Group 3 (OVX+VMH E2, n=14): 
animals received ovariectomy and bilaterally E2-containing pellets in the VMH. 

 
Figure 4.1 Setup of experimental groups. 

 

Metabolic measurements 

Three weeks after surgery, animals in Experiment-3 were housed individually in 
calorimetric cages (Phenomaster/Labmaster system, TSE Systems GmbH, Bad Homburg, 
Germany) for three days. Oxygen consumption (VO2) and carbon dioxide production 
(VCO2) were measured continuously via an indirect open-circuit calorimetry. The 
sampling interval was 15 minutes and each measurement lasted for 100 seconds. 
Respiratory exchange ratio (RER) and energy expenditure (EE) were calculated using the 
manufacturer’s formulas: RER = VCO2/VO2; EE = (CVO2×VO2+CVCO2×VCO2)/1000, in 
which CVO2 and CVCO2 were pre-set values of 3.941 and 1.106 respectively. Locomotor 
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activity was measured with ActiMot2 light beam frames (TSE Systems GmbH, Bad 
Homburg, Germany) with counts of beam breaks per 15 minutes. This was the total 
(ambulatory and fine movement) beam breaks of the X and the Y axis.  

Tissue collection 

At the end of each experiment, rats were decapitated. Trunk blood was taken and 
plasma was stored at -20°C until analysis. In Experiment 1, the distribution of body fat 
distribution was evaluated using a 3 Tesla magnetic resonance imaging (MRI) scanner 
(Philips Healthcare, Best, The Netherlands). The tibia was collected for histomorphomet-
ric analysis. In Experiment 2, gonadal WAT (gWAT), perirenal WAT (pWAT) and 
subcutaneous WAT (sWAT) were snap frozen in liquid nitrogen and stored in -80°C for 
PCR analysis. In Experiment 3, liver and interscapular BAT were snap frozen in liquid 
nitrogen and stored in -80°C for PCR analysis. Gonadal, perirenal and subcutaneous fat 
depots were dissected and weighed by the same person as previously described [30]. 
Femurs were collected for micro-CT analysis. Brains were removed and frozen on dry ice. 
The hypothalamus was cut into 300 μm coronal sections using a cryostat (Leica CM1950) 
and the VMH region was dissected by punching the area with a 17G stainless steel 
needle according to Palkovits [31]. The third ventricle and major fiber tracts served as 
landmarks for orientation. 

Plasma assays 

Plasma E2 concentrations were measured by an enzyme-linked immunosorbent assay 
(ELISA) kit (BioSource, Belgium). The minimal detectable concentration was 5 ± 2 pg/mL 
(mean ± SD), the intra-assay variation was 4.25% and the inter-assay variation was 6.05% 
[32]. 

Table 4.1 Primers used for qPCR in rat. 

Gene symbol Forward (5’-3’) Reverse (5’-3’) 
Products 
length 
(bp) 

Glyceraldehyde 3-
phosphate 
dehydrogenase 

Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA 306 

Hypoxantine-guanine 
phosphoribosyl 
transferase 

Hprt GCAGTACAGCCCCAAAATG
G 

AACAAAGTCTGGCCTGTAT
CCAA 84 

Kisspeptin Kiss1 TGCTGCTTCTCCTCTGTGTG AGGCTTGCTCTCTGCATACC 149 

kiss1 receptor Gpr54 TCGTTATCTGCCGCCACAAG AACACAGTCACGTACCAGC
G 244 
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subcutaneous WAT (sWAT) were snap frozen in liquid nitrogen and stored in -80°C for 
PCR analysis. In Experiment 3, liver and interscapular BAT were snap frozen in liquid 
nitrogen and stored in -80°C for PCR analysis. Gonadal, perirenal and subcutaneous fat 
depots were dissected and weighed by the same person as previously described [30]. 
Femurs were collected for micro-CT analysis. Brains were removed and frozen on dry ice. 
The hypothalamus was cut into 300 μm coronal sections using a cryostat (Leica CM1950) 
and the VMH region was dissected by punching the area with a 17G stainless steel 
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Plasma assays 

Plasma E2 concentrations were measured by an enzyme-linked immunosorbent assay 
(ELISA) kit (BioSource, Belgium). The minimal detectable concentration was 5 ± 2 pg/mL 
(mean ± SD), the intra-assay variation was 4.25% and the inter-assay variation was 6.05% 
[32]. 

Table 4.1 Primers used for qPCR in rat. 

Gene symbol Forward (5’-3’) Reverse (5’-3’) 
Products 
length 
(bp) 

Glyceraldehyde 3-
phosphate 
dehydrogenase 

Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA 306 

Hypoxantine-guanine 
phosphoribosyl 
transferase 

Hprt GCAGTACAGCCCCAAAATG
G 

AACAAAGTCTGGCCTGTAT
CCAA 84 

Kisspeptin Kiss1 TGCTGCTTCTCCTCTGTGTG AGGCTTGCTCTCTGCATACC 149 

kiss1 receptor Gpr54 TCGTTATCTGCCGCCACAAG AACACAGTCACGTACCAGC
G 244 
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Arginine vasopressin Avp TGCCTGCTACTTCCAGAACT
GC 

AGGGGAGACACTGTCTCAG
CTC 77 

Uncoupling protein 1 Ucp1 AATCAGCTTTGCTTCCCTCA GCTTTGTGCTTGCATTCTGA 181 

Deiodinase type2 Dio2 TCCTGGAGCGTTTCTCCTT CATAAGCTACGTTGGCATT
ATTGT 78 

hormone sensitive 
lipase1 Hsl CACACAGCATGGATTTACGC

A 
ACCTGCAAAGACGTTGGAC
AG 124 

lipoprotein lipase1 Lpl CAAAACAACCAGGCCTTCG
A AGCAATTCCCCGATGTCCA 140 

Fatty acid synthase Fasn CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 163 

peroxisome 
proliferator-activated 
receptor gamma, 
coactivator 1 alpha 

Pgc1a CAATGAATGCAGCGGTCTT
A 

GTGTGAGGAGGGTCATCGT
T 195 

Peroxisome-
Proliferator Activated 
Receptor alpha 

Ppara TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 83 

 

RNA isolation and quantitative PCR (qPCR) 

Total RNA was isolated using the Magna Pure (Roche Molecular biochemicals, Mann-
heim, Germany). The RNA yield was determined using the Nano drop (Nanodrop, 
Wilmington, Delaware USA) and cDNA was synthesized with equal RNA input with the 
First Strand cDNA synthesis kit (AMV) for qPCR with oligo d(T) primers (Roche Molecular 
Biochemicals). As a control for genomic DNA contamination we included a cDNA 
synthesis reaction without reverse transcriptase. Quantitative PCR was performed using 
the LightCycler 480 (Roche Molecular Biochemicals) and Lightcycler480 SybrGreen I 
Master mix (Roche Molecular Biochemicals). The primers used for qPCR are listed in 
Table 4.1. Quantification was performed using home-made LinReg software. PCR 
efficiency was checked individually and samples with a deviation of more than 5% of the 
mean were excluded from analysis. mRNA expression is presented as relative expression 
divided by the geometric mean expression of the reference genes Gapdh and Hprt. Both 
reference genes showed stable expression under the experimental conditions. 

Bone histomorphometry 

Seven and three days prior to sacrifice, tetracycline (20 mg/kg, Spruyt hillen, IJsselstein, 
The Netherlands) was injected intraperitoneally to determine the mineral apposition 
rate in experiment 1. Post mortem: the left tibia was fixed in 4% formaldehyde for 24 h, 
dehydrated in graded ethanol and embedded in methylmethacrylate (MMA; BDH 

Central E2, fat and bone 

73 

Chemicals, Poole, England) supplemented with 20% dibutylphtalate (Merck, Darmstadt, 
Germany), 8.0 mg/ml dibenzoylperoxide (AKZO Nobel, Deventer, The Netherlands) and 
2.2 μl/1ml N,N-dimethyl-p-toluidine (Merck). Longitudinal 5 μm thick sections were cut 
with a Polycut 2500 S microtome (Reichert-Jung, Nussloch, Germany). Consecutive 
sections were stained with Goldner's trichrome and tartrate-resistant acid phosphatase. 
Histomorphometric analysis on trabecular bones was performed on one section per 
specimen. Per section 12 fields of secondary spongiosa at 4X magnification were 
analysed starting 1/4 field away from the cortex on either side of the left proximal tibia, 
using a Nikon microscope equipped with NIS-Elements AR 3.1 (Nikon GmbH, Düsseldorf, 
Germany). Cortical bone analysis was performed 3 to 4 fields per section at 4X magnifi-
cation, adjacent to the secondary spongiosa that was assessed for trabecular 
measurements. The rate of mineral apposition (MAR) was calculated by dividing the 
distance between the two tetracycline markers by the time interval between their 
administration [33]. All other histomorphometric indices were defined and calculated 
according to the American Society of Bone and Mineral Research (ASBMR) nomenclature 
[34]. 

Bone micro-computed tomography (micro-CT)  

The left femur was submerged into 70% ethanol and scanned with a voxel size of 9 μm 
using the Skyscan 1076 X-ray microtomograph (Skyscan, Kontich, Belgium). The following 
settings were used: 40 kV, 250 mA and 2300 ms exposure time. Beam hardening was 
reduced using a 1 mm aluminium filter. Using different software packages from SkyScan 
(NRecon, CtAn and Dataviewer), the 3D reconstruction and the subsequent qualitative 
and quantitative evaluations were performed according to previous studies with 
adaptation to rat femurs [35]. The region of interest for trabecular bone was selected at 
a height of 1350 μm at 1800 μm offset to the landmark where the four growth plate 
regions are just still connected. Measured parameters included trabecular bone volume 
(Tb.BV), trabecular bone volume fraction (BV/TV), trabecular thickness (Tb.Th), and 
trabecular number (Tb.N). The region of interest for cortical bone was selected at the 
middle of the diaphysis with a height of 450 μm, in which cortical volume (Ct.V), cortical 
thickness (Ct.Th), endocortical volume (Ec.V), perimeter (Pm) and moment of inertia 
(MOI) was determined. 

Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). Differences between 
more than two groups were analyzed by analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test when appropriate. Data without normal distribution were analyzed 
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by the Kruskal-Wallis test followed by Dunn’s post hoc test when appropriate. Signifi-
cance was considered P<0.05. All analyses were performed using Graph Pad Prism 6.05. 

Results 

Systemic and ICV E2 administration reduce body weight, visceral fat and bone formation 
rate in ovariectomized rats 

Subcutaneous (SC) E2 replacement significantly decreased body weight compared to 
ovariectomized animals (P=0.0002) (Figure 4.2A-C). ICV E2 also reduced body weight (ICV 
E2 vs OVX, P=0.015), but the effect was less pronounced compared to systemic E2 
administration (ICV E2 vs SC E2, P=0.039) (Figure 4.2A). SC E2 administration decreased 
pWAT/sWAT (P<0.0001) and gWAT/sWAT ratios (P=0.012). Similarly, ICV E2 administra-
tion also significantly decreased pWAT/sWAT (P=0.0003) and gWAT/sWAT ratios 
(P=0.027) (Figure 4.2B and C).  

Plasma E2 concentrations were unchanged 15 min, 30 min, 45 min, 135 min, 24h, 48h 
and 72h after ICV E2 injection, which excludes leakage from the ICV compartment to the 
systemic circulation (Figure 4.2D). 

To determine the central effect of E2 on bone remodeling, we performed histomor-
phometric analysis on the tibia after four weeks of ICV E2 administration. Bone mass was 
not different between the three groups (Figure 4.3B). In ovariectomized animals, both SC 
E2 and ICV E2 administration decreased bone formation rate (BFR) (P=0.008 and P=0.024, 
respectively) (Figure 4.3C). SC and ICV E2 treatment did not change trabecular and 
cortical mineral apposition rate (Tb.MAR and Ct.MAR) (Figure 4.3D and E). No significant 
difference was found in osteoclast number (Oc.N/BS) between the three groups (Figure 
4.3F). 
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Figure 4.2 Effect of subcutaneous (SC) and intracerebroventricular (ICV) E2 
administration on body weight and fat distribution. A, Body weight; B and C, white 
adipose tissue (WAT) distribution. Fat distributions were shown by the ratio 
between gonadal WAT (gWAT) and subcutaneous WAT (sWAT) as well as perirenal 
WAT (pWAT) and sWAT. Ovariectomized animals were treated with ICV vehicle 
(OVX, n=6), SC estradiol (OVX+SC E2, n=5) or ICV estradiol (OVX+ICV E2, n=7) for 4 
weeks. Bars with different letters are significantly different, P < 0.05. D, plasma E2 
concentrations after a bolus ICV E2 injection. A separate experiment was 
performed to evaluate the leakage of ICV E2 on circulating E2 concentrations 
(n=5). 
 

Acute E2 administration in the VMH changes gene expression in WAT 

We next investigated whether the central E2 effect on WAT metabolism could be 
mediated through the VMH. Hormone sensitive lipase (HSL) is an enzyme favoring the 
mobilization of stored fat. Ovariectomized animals with vehicle injection showed 
markedly decreased expression of the Hsl in pWAT (P=0.026) and gWAT (P=0.004) 
compared to sham ovariectomy, while E2 administration in the VMH reversed the 
changes induced by ovariectomy (P=0.016 in pWAT and P=0.048 in gWAT) (Figure 4.4A 
and B). Ovariectomy with or without E2 administration did not change expression of Hsl 
in sWAT (Figure 4.4C). Lipoprotein lipase (LPL) is a key enzyme in regulating TG-rich 
lipoproteins hydrolysis and fatty acid uptake in WAT [36]. Lpl mRNA was not significantly 
different in pWAT and gWAT (Figure 4.4D and 2E), but ovariectomy increased Lpl 
expression in sWAT (P=0.001) (Figure 4.4F). Expression of fatty acid synthase (FAS), an 
enzyme that catalyzes fatty acid synthesis, was not changed in pWAT, gWAT and sWAT 
by ovariectomy or E2 administration (Figure 4.4G-I). 
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Figure 4.3 Effect of subcutaneous (SC) and intracerebroventricular (ICV) E2 administra-
tion on bone metabolism. A, representative overviews of tibia stained with Golner’s 
trichrome. Scale bars represent 1000 μm. B, trabecular bone volume; C, bone for-
mation rate (BFR) in trabecular bone; D and E, mineral apposition rate (MAR) in 
trabecular and cortical bone and F, osteoclast number expressed per bone surface. 
Ovariectomized animals were treated with ICV vehicle (OVX, n=6), SC estradiol (OVX+SC 
E2, n=5) or ICV estradiol (OVX+ICV E2, n=8) for 4 weeks. Histomorphometric analysis 
was performed on 12 fields per section for trabecular bone and 3-4 fields per section 
for cortical bone on one section per specimen. Bars with different letters are signifi-
cantly different, P < 0.05. 
 

Chronic E2 administration in the VMH does not affect body weight and food intake but 
changes body fat distribution in ovariectomized rats 

To investigate the chronic effects of E2 in the VMH on bone and fat metabolism, we 
developed a slow-releasing pellet for local E2 administration. In vitro, the pellets showed 
a continuous release of E2 for at least three weeks resulting in E2 concentrations in the 
medium of ~1 nmol/L (data not shown). As shown in Figure 4.5A, ovariectomized 
animals gained much more body weight in 8 weeks compared to sham operated animals 
(P<0.001 for OVX+VMH Veh and P=0.001 for OVX+VMH E2). Chronic E2 administration in 
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the VMH did not restore this change in body weight. Daily food intake was higher in 
ovariectomized animals in both the vehicle (P=0.003) and E2 administration (P=0.049) 
groups (Figure 4.5B). Ovariectomy increased gWAT (P=0.0006), pWAT (P<0.0001) and 
sWAT (P<0.0001) weight, whereas E2 administration in the VMH reduced pWAT 
(P=0.046) but not gWAT and sWAT weight in ovariectomized animals (Figure 4.5C-E). 

 
Figure 4.4 Effect of ovariectomy and acute E2 administration in the VMH on gene ex-
pression of Hsl (A-C), Lpl (D-F) and Fasn (G-I) in three types of white adipose tissue 
(WAT). Animals received sham ovariectomy (Sham OVX, n=5-7), ovariectomy plus mi-
crodialysis vehicle in the VMH (OVX+VMH MD Veh, n=5-7) or ovariectomy plus 
microdialysis E2 in the VMH (OVX+VMH MD E2, n=5-6). E2 was administered via mi-
crodialysis probes in the VMH for 3 hours. Bars with different letters are significantly 
different, P < 0.05. 
 

Effect of chronic E2 administration in the VMH on energy metabolism 

Animals were housed in the metabolic cages 3 weeks after E2 administration in order to 
determine energy expenditure (EE), respiratory exchange rate (RER) and locomotor 
activity. These parameters were not different between the three groups (Figure 4.6A-C). 
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crodialysis vehicle in the VMH (OVX+VMH MD Veh, n=5-7) or ovariectomy plus 
microdialysis E2 in the VMH (OVX+VMH MD E2, n=5-6). E2 was administered via mi-
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different, P < 0.05. 
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Figure 4.5 Effect of ovariectomy and chronic E2 administration in the VMH on 
body weight (A), food intake (B) and fat distribution (C-E). Animals received 
sham ovariectomy (Sham OVX, n=8), ovariectomy plus blank pellets placement 
in the VMH (OVX+VMH Veh, n=9) or ovariectomy plus E2-containing pellets 
placement in the VMH (OVX+VMH E2, n=11) for 8 weeks. Bars with different 
letters are significantly different, P < 0.05. 

 
Figure 4.6 Effect of ovariectomy and chronic E2 administration in the VMH on 
energy expenditure (EE) (A), respiratory exchange rate (RER) (B) and locomo-
tor activity (C). Animals received sham ovariectomy (Sham OVX, n=6), 
ovariectomy plus blank pellets placement in the VMH (OVX+VMH Veh, n=9) or 
ovariectomy plus E2-containing pellets placement in the VMH (OVX+VMH E2, 
n=7) were put in the metabolic cages for three days after three weeks pellets 
placement. All values were expressed on the average of three-day measure-
ments per 24 hours. 
 

Effect of chronic E2 administration in the VMH on gene expression in the VMH, BAT and 
liver  

In order to evaluate the effectiveness of E2 release in the VMH, we examined several E2 
responsive genes in the VMH brain tissues. Ovariectomy markedly increased expression 
of the estrogen responsive Kiss1 gene in the VMH (P=0.027). This increase was com-
pletely abolished by E2 administration in the VMH (P=0.032) (Figure 4.7A). Ovariectomy 

20 40 60
-20

0

20

40

60

80

100

Time
(days after surgery)

G
ai

n 
of

 b
od

y 
w

ei
gh

t (
g)

Sham OVX

OVX+VMH Veh

OVX+VMH E2

Sham OVX
OVX+VMH Veh

OVX+VMH E2
0

5

10

15

20

C
ho

w
(g

/d
ay

/ra
t) a b b

A B

Sham OVX
OVX+VMH Veh

OVX+VMH E2
0.0

0.5

1.0

1.5

2.0

2.5

gW
A

T 
%

 o
f B

W

a

b b

Sham OVX
OVX+VMH Veh

OVX+VMH E2
0

1

2

3

pW
A

T 
%

 o
f B

W
a

b
c

Sham OVX
OVX+VMH Veh

OVX+VMH E2
0.0

0.5

1.0

1.5

sW
A

T 
%

 o
f B

W

a

b b

C D E

Sham OVX
OVX+VMH Veh

OVX+VMH E2
3

4

5

6

7

EE
 (k

ca
l/h

/k
g)

Sham OVX
OVX+VMH Veh

OVX+VMH E2
0.7

0.8

0.9

1.0

1.1

RE
R

Sham OVX
OVX+VMH Veh

OVX+VMH E2
0

10000

20000

30000

40000

50000

B
ea

m
 b

re
ak

s

A B C

Central E2, fat and bone 

79 

increased expression of arginine vasopressin (Avp) in the VMH (P=0.039) (Figure 4.7B), 
but chronic E2 administration did not significantly change Avp mRNA compared to 
vehicle treatment (Figure 4.7B). Ovariectomy or E2 administration did not change 
expression of the kisspeptin receptor (Gpr54) in the VMH (Figure 4.7C). 

To evaluate the effects of central E2 on brown adipose tissue, we examined three 
essential genes involved in BAT activation. Increased peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (Pgc1a) expression is an important indicator for 
mitochondrial biogenesis and adipocyte proliferation during BAT activation [37, 38]. 
Ovariectomy reduced expression of Pgc1a mRNA in BAT (P=0.015) and chronic E2 
administration in the VMH did not change its expression compared to vehicle treatment 
(Figure 4.7D). Dio2 codes the type II iodothyronine deiodinase converting T4 into T3, 
which is essential for uncoupling protein 1 (Ucp1) expression and BAT thermogenesis [39, 
40]. Ovariectomy with or without E2 administration decreased expression of Dio2 in BAT 
compared to sham ovariectomy (P<0.0001 and P=0.0002, respectively) (Figure 4.7E). 
Ucp1 is the key protein in BAT that uncouples substrate oxidation from ATP synthesis to 
heat production [41, 42]. VMH E2 administration did not affect Ucp1 mRNA expression 
in BAT compared to vehicle treated OVX rats (Figure 4.7F). 

In the liver, peroxisome proliferator-activated receptor alpha (Ppara) and Pgc1a play 
a major role in hepatic lipid metabolism via activation of fatty acid catabolism by 
mitochondrial, microsomal, and peroxisomal β-oxidation [43, 44]. E2 administration in 
the VMH did not change Ppara mRNA in liver (Figure 4.7G). Ovariectomy resulted in 
increased Pgc1a expression (P=0.015) and VMH E2 administration did not significant 
change it compared to vehicle group (Figure 4.7H). Fatty acid synthase (Fasn) is critical 
for liver de novo lipogenesis [45, 46]. VMH E2 administration did not affect Fasn mRNA 
expression in liver compared to vehicle treated OVX rats (Figure 4.7I). 

Table 4.2 Femoral bone microarchitecture using micro-CT. 

Parameter Abbreviation 
(unit) 

Sham OVX 
(n=8, mean ± 

SD) 

OVX+VMH 
Veh 

(n=9, mean ± 
SD) 

OVX+ VMH E2 
(n=11, mean ± 

SD) 

Overall bone morphometry 
Femur length (mm) 34.05±0.23 34.05±0.34 34.17±0.35 

Trabecular bone morphometry 
Total volume TV (mm3) 11.39±1.06 10.12±1.50 10.72±1.77 

Trabecular Bone Volume Tb.BV (mm3) 4.563±0.83a 1.711±0.36b 1.809±0.37b 
Trabecular separation Tb.Sp (μm) 126.5±22.73a 257.1±43.53b 255.0±44.52b 
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increased expression of arginine vasopressin (Avp) in the VMH (P=0.039) (Figure 4.7B), 
but chronic E2 administration did not significantly change Avp mRNA compared to 
vehicle treatment (Figure 4.7B). Ovariectomy or E2 administration did not change 
expression of the kisspeptin receptor (Gpr54) in the VMH (Figure 4.7C). 

To evaluate the effects of central E2 on brown adipose tissue, we examined three 
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mitochondrial biogenesis and adipocyte proliferation during BAT activation [37, 38]. 
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compared to sham ovariectomy (P<0.0001 and P=0.0002, respectively) (Figure 4.7E). 
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mitochondrial, microsomal, and peroxisomal β-oxidation [43, 44]. E2 administration in 
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Trabecular patterning 
factor (connectivity) Tb.Pf (mm-1) 0.9051±3.54a 13.96±1.77b 13.61±1.32b 

Structure Model Index 
(0=plate 3=rod) SMI 1.103±0.25a 2.013±0.09b 2.005±0.10b 

Cortical bone morphometry of the midshaft 
Perimeter Pm (mm) 18.19±1.35 17.52±0.48 17.60±0.58 

Total Porosity Percent Po (tot) (%) 36.02±0.97 35.13±1.14 35.16±1.78 
Polar moment of inertia MOI (mm4) 6.645±0.66 6.840±0.56 6.883±0.66 

 

Chronic E2 administration in the VMH does not affect ovariectomy induced bone loss  

Ovariectomy resulted in a remarkable loss of trabecular bone after 8 weeks, but E2 
administration in the VMH did not prevent this bone loss (Figure 4.8A and Table 4.2). 
Ovariectomy decreased trabecular bone volume (Tb.BV/TV) (P<0.0001) and trabecular 
number (Tb.N) (P<0.0001) compared to sham ovariectomy, but E2 administration in the 
VMH did not rescue these changes (Figure 4.8B and D). Ovariectomy or E2 administra-
tion did not affect trabecular thickness (Tb.Th) (Figure 4.8C). No difference was seen in 
cortical volume (Ct.V) among the three groups (Figure 4.8E). Ovariectomy increased 
cortical thickness (Ct.Th) (P=0.009) and endocortical volume (Ec.V) (P=0.010), but E2 
administration in the VMH did not affect these changes (Figure 4.8F and G). 

Discussion 

We determined the long-term effects of central E2 administration via the intracerebro-
ventricular system and in the VMH on fat and bone metabolism in ovariectomized rats. 
The results show that E2 replacement is able to restore part of the ovariectomy induced 
alterations in white adipose tissue and bone metabolism via its actions in the brain. The 
effects of E2 on white adipose tissue, but not on bone, are partly mediated through the 
VMH.  

Previously it has been shown that systemic E2 replacement reverses OVX induced 
obesity [12, 47, 48]. We confirmed this result, as 4-week subcutaneous E2 administration 
significantly decreased body weight with decreased perirenal and gonadal versus 
subcutaneous adiposity. Interestingly, in the past years mounting evidence has been 
provided for both anatomical and functional connections between WAT and the brain 
[49-51]. The leptin-driven lipolysis has been demonstrated to be mediated through the 
CNS via a sympathetic neuro-connection to WAT [24]. Moreover, estrogen is proposed 
to regulate body fat distribution by interacting with leptin signals in the CNS, and 
enhance leptin’s action in sympathetic activation to the visceral fat [12, 52]. In line with 
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this, ICV E2 replacement also decreased body weight and visceral fat, similar to that with 
subcutaneous E2 administration. Although the central E2 effect on body weight was 
smaller than that of subcutaneous E2, the effect on fat distribution was comparable to 
systemic E2 administration. Notably, loss-function of ERα at the central level induced 
increased body weight in female mice primarily by increasing body fat [20]. 

 
Figure 4.7 Gene expression profile in the VMH brain punches (A-C), BAT (D-F) and liv-
er (G-I) after 8 weeks E2 administration in the VMH. Animals received sham 
ovariectomy (Sham OVX, n=8), ovariectomy plus blank pellets placement in the VMH 
(OVX+VMH Veh, n=8-9) or ovariectomy plus E2-containing pellets placement in the 
VMH (OVX+VMH E2, n=10-11) for 8 weeks. Bars with different letters are significantly 
different, P < 0.05. 
 

Retrograde tracing studies from WAT have revealed labeling of neurons in the VMH 
[49, 50], where ERα is abundantly expressed [8, 17, 53]. Selective silencing of ERα in the 
VMH resulted in increased abdominal fat, suggesting that the VMH is responsible for the 
central E2 effect on fat metabolism [20, 54]. In line with this, we found that 3-hour E2 
administration locally in the VMH increased Hsl mRNA expression in gWAT and pWAT. 
HSL mediates the rate-limiting step in triglyceride hydroxylation, an essential step in fat 
mobilization [55]. Increased Hsl expression in WAT indicates increased lipolysis leading 
to decreased fat storage. On the other hand, expression of Lpl, a gene that is implicated 
in lipogenic pathways, was not significantly changed in abdominal fat but increased in 
sWAT by ovariectomy. These data indicate that E2 in the VMH reduces the fat accumula-
tion by increasing lipolytic gene expression in abdominal fat tissues. However, we do not 
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know whether enzyme activities were also different in these fat tissues as previously 
reported [13, 56, 57]. 

 
Figure 4.8 Bone morphometric parameters as determined by micro-CT after 8 
weeks E2 administration in the VMH in ovariectomized rats. A, representative mi-
cro-CT cross-sections showing the trabecular bone pattern; B-D, trabecular bone 
volume fraction (BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb. 
N). E-G, cortical volume (Ct. V), cortical thickness (Ct. Th) and endocortical volume 
(Ec. V). Animals received sham ovariectomy (Sham OVX, n=8), ovariectomy plus 
blank pellets placement in the VMH (OVX+VMH Veh, n=9) or ovariectomy plus E2-
containing pellets placement in the VMH (OVX+VMH E2, n=11) for 8 weeks. Bars 
with different letters are significantly different, P < 0.05. 
 

To determine whether these acute changes would persist in the chronic setting and 
translate into chronic metabolic changes, we implanted slow-releasing E2-containing 
pellets locally in the VMH. In vitro data showed a continuous E2 release around 10 
pg/day for at least three weeks. The release of E2 in the VMH was further confirmed by a 
complete down-regulation of the OVX-induced upregulation of Kiss1, whose mRNA is 
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negatively regulated by estrogen in the medial basal hypothalamus [58-62]. Chronic E2 
replacement in the VMH did not change body weight and food intake. However, E2 in 
the VMH decreased the amount of perirenal WAT, again indicating a primary modulatory 
effect of E2 in the VMH on body fat distribution. Notably, also mice with ERα knock out 
in SF1 neurons (i.e., mainly in the VMH) only showed transient effects on body weight 
and trends towards increased total fat mass, but a significant increase in gonadal WAT 
[20]. Adipose tissue is innervated by the autonomic nervous system and activation of the 
sympathetic nerves increases Hsl expression and fatty acid mobilization in WAT [24, 63-
67], similar to our observations after acute VMH E2 administration. In addition, an early 
study showed that denervation in retroperitoneal WAT attenuated E2 induced decrease 
in fat pad weight [68], indicating a sympathetic regulation of WAT by E2. Indeed, the 
VMH was reported to mediate the E2 induced sympathetic activation on BAT [19]. 
Therefore, it is tempting to speculate that the lipolytic effect of E2 on WAT from the 
VMH is also mediated by the sympathetic nervous system (SNS). We observed no 
changes in food intake during the 8-week VMH E2 administration. This result is in line 
with previous reports showing that estrogen pellet implantation or estrogen injection in 
the VMH did not affect food intake [13, 14, 69] in ovariectomized rats. Genetic studies 
with ERα deficient mice confirmed these results [20, 54]. Nevertheless, other studies 
showed the interaction of estrogen with neuropeptide Y (NPY) and pro-
opiomelanocortin (POMC) containing neurons, indicating a pivotal role of the arcuate 
nucleus ( ARC) in the anorexic regulation of estrogen [10, 62, 70]. 

In addition to the regulation of energy intake, estrogen also controls energy expendi-
ture. Silencing of ERα in the VMH of rats decreased metabolic rate [54] and mice studies 
with diminished ERα in the VMH showed decreased energy expenditure and locomotor 
activity [20, 21]. In our study, although the changes observed were in the expected 
direction, we did not find any significant differences in energy expenditure and 
locomotor activity after E2 VMH treatment. Ovariectomy did not change Ucp1 mRNA in 
BAT, which has also been reported in a recent study [71]. However, E2 administration 
increased Ucp1 expression compared to sham animals suggesting a potential of 
increased heat production by E2. Consistently, the Lopez group recently showed that 
short-term E2 administration in the VMH increased Ucp1 expression and thermogenic 
program in BAT in the ovariectomized rat [11, 19]. Additionally, in our current study, 
acute E2 administration in the VMH increased expression of Dio2 in BAT (data not 
shown). However, in the chronic experiment with E2 pellets placement in the VMH, E2 
did not restore the decreased Pgc1a and Dio2 gene expression in BAT induced by 
ovariectomy (Figure 4.7D and 5E). It is likely that the effects of VMH E2 administration 
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on thermogenic gene expression (i.e., Dio2 and Ucp1) in BAT also depend on the 
duration of treatment. Of note, the hypothalamic kisspeptin neurons also participate in 
E2 modulation of energy balance [72, 73]. Studies by others have shown that ablation of 
kisspeptin/neurokinin B/dynorphin (KNDy) neurons blocked the effect of estrogen on 
thermoregulation [73, 74]. Considering that Kiss1 mRNA in the VMH was remarkably 
decreased after chronic E2 treatment, it is possible that some of the actions by E2 might 
be attenuated by feedback regulation via kisspeptin signaling. 

Ovariectomy stimulates bone resorption, which is only partly compensated by in-
creased bone formation, leading to an overall loss of cancellous bone [75-77]. In our 
study, subcutaneous E2 injections, at a dose and frequency that mimics the physiological 
cyclic pattern of estrogen [26], decreased the trabecular bone formation rate in 
ovariectomized rats. There was a trend towards decreased osteoclast number suggesting 
inhibition of bone resorption and a trend towards increased trabecular bone mass. 
These systemic effects of estrogen are consistent with previous studies showing that E2 
replacement reduces bone resorption and bone formation in ovariectomized rats [5, 28, 
78-81]. Moreover, ICV E2, at a dose that did not result in any detectable changes in 
circulating E2, restored bone formation rate to the same level as subcutaneous E2 did. 
Estrogen has long been recognized as a key regulator for bone remodeling, and our 
findings now indicate that part of these regulatory effects are mediated via the CNS. The 
discovery of leptin-driven sympathetic regulation of bone metabolism pointed out a 
neuronal pathway to mediate the hormonal control of bone remodeling [15, 16, 82]. 
Subsequent studies demonstrated that selective ablation of neurons in the VMH blocked 
the leptin-induced bone loss indicating the essential role of the VMH in regulating bone 
metabolism [15]. We tested whether the VMH also mediates the effect of estrogen on 
bone by direct E2 administration in the VMH. However, no changes in cortical and 
trabecular bone structure were found after 8-week E2 administration in the VMH, 
suggesting that the VMH is not involved in the central control of estrogen on bone 
metabolism. This is consistent with a recent study where genetic depletion of Nkx2-1 
neurons in the ventrolateral VMH (VMHVL) did not affect bone mineral density although 
ERα neurons in the VMHVL were greatly reduced [21]. Another recent study in support 
of this notion by Farman et al showed that silencing of ERα in the VMH did not induce 
any bone phenotypes [83]. Both estrogen and leptin have an anorexigenic effect on 
energy metabolism. Nevertheless, leptin signalling via the SNS negatively modulates 
bone mass [15, 16], while E2 positively favours bone accrual. Our ICV data clearly 
indicate the existence of a CNS mechanism involved in the regulation of bone remodel-
ling by E2, but most likely these pathways do not include the VMH. Although it is unclear 

Central E2, fat and bone 

85 

what is the target in the brain for estrogen regulation on bone metabolism, other 
hypothalamic nuclei, such as the paraventricular nucleus of the hypothalamus (PVN) and 
Arc, may be involved. Estrogen could control bone remodelling via a Gq-coupled 
membrane receptor (Gq-mER), an effect that was proposed to involve its effect on the 
pre-autonomic PVN neurons [84]. In addition, estrogen has close interaction with 
POMC/cocaine- and amphetamine-regulated transcript (CART) neurons in the Arc [85] 
and CART mediates the leptin control of bone resorption [16]. In fact, a recent study 
demonstrated that ERα knockout in Arc (POMC neurons) enhanced the estrogenic 
response on cortical bone mass [83]. 

In conclusion, we have demonstrated that central replacement of estrogen after 
ovariectomy in the rat restores the changes in body weight, fat distribution and bone 
formation rate. The effects of E2 on white adipose tissue, but not bone metabolism, are 
partly mediated through the VMH. 
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