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Intrahypothalamic Estradiol Regulates Glucose
Metabolism via the Sympathetic Nervous System

in Female Rats

Ji Liu,"*? Peter H. Bisschop,' Leslie Eggels," Ewout Foppen,'® Mariette T. Ackermans,*
Jiang-Ning Zhou,2 Eric Fliers,l and Andries Kalsbeek!?

Long-term reduced hypothalamic estrogen signaling leads to
increased food intake and decreased locomotor activity and
energy expenditure, and ultimately results in obesity and insulin
resistance. In the current study, we aimed to determine the acute
obesity-independent effects of hypothalamic estrogen signaling
on glucose metabolism. We studied endogenous glucose pro-
duction (EGP) and insulin sensitivity during selective modulation
of systemic or intrahypothalamic estradiol (E2) signaling in rats
1 week after ovariectomy (OVX). OVX caused a 17% decrease in
plasma glucose, which was completely restored by systemic E2.
Likewise, the administration of E2 by microdialysis, either in the
hypothalamic paraventricular nucleus (PVN) or in the ventrome-
dial nucleus (VMH), restored plasma glucose. The infusion of an
E2 antagonist via reverse microdialysis into the PVN or VMH
attenuated the effect of systemic E2 on plasma glucose. Further-
more, E2 administration in the VMH, but not in the PVN, increased
EGP and induced hepatic insulin resistance. E2 administration in
both the PVN and the VMH resulted in peripheral insulin resistance.
Finally, sympathetic, but not parasympathetic, hepatic denervation
blunted the effect of E2 in the VMH on both EGP and hepatic
insulin sensitivity. In conclusion, intrahypothalamic estrogen regu-
lates peripheral and hepatic insulin sensitivity via sympathetic
signaling to the liver. Diabetes 62:435-443, 2013

stradiol (E2) plays a major role in the control of
energy homeostasis (1,2), as is exemplified by
increased body weight after ovariectomy (OVX)
in female rats, and is reversible with E2 re-
placement (3-6). The effects of E2 on energy homeostasis
are thought to be mediated primarily through the hypo-
thalamus, as direct injections of E2 into the hypothalamic
paraventricular nucleus (PVN), arcuate, or ventromedial
nucleus (VMH) effectively reduce food intake and body
weight after OVX in rodents (7-9). A link between hypo-
thalamic E2 receptors and energy expenditure was elegantly
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shown by the obese phenotype induced by selective silenc-
ing of E2 receptor (ER)-« in VMH (10,11). Together with
many more studies, these data convincingly have shown that
reduced estrogen signaling in the hypothalamus increases
body weight and is associated with impaired glucose toler-
ance and insulin resistance. At this stage it is less clear if
estrogen affects glucose metabolism directly or if it works
indirectly by inducing obesity. When rats that underwent
OVX were studied before the onset of obesity, they exhibited
higher glucose-to-insulin ratios (with decreased plasma in-
sulin concentration) compared with intact rats, suggesting
that OVX increases insulin sensitivity (12). This surprising
finding could represent a more direct obesity-independent
effect of estrogen on glucose metabolism, whose mecha-
nisms thus far have been elucidated only partially.

The hypothalamus has emerged as a key player in the
regulation of glucose production (13). The suppressive
effects of peripheral hyperinsulinemia on endogenous
glucose production (EGP) can be blocked by the central
administration of neuropeptide Y (14) or insulin anti-
bodies (13,15). Moreover, the suppressive effect of
central insulin on EGP can be largely abolished by
selective hepatic vagal denervation (16,17), whereas the
intrahypothalamic administration of various neurotrans-
mitters stimulates EGP via the sympathetic efferent
nerves to the liver (18-20). These hypothalamic neuro-
transmitter systems probably act as targets for circulating
hormones such as insulin (14), thyroid hormone (21), and
glucocorticoids (22). ERs are abundantly expressed in
the hypothalamic PVN and VMH (23), nuclei that are key
players in the hypothalamic regulation of glucose me-
tabolism via autonomic outflow toward the liver (24).
Considering that the hypothalamus plays a key role in the
regulation of body weight by estrogen and in controlling
glucose metabolism, we hypothesized that the direct obesity-
independent effects of estrogen on glucose metabolism are,
at least in part, mediated via the hypothalamus and the
autonomic nervous system.

To test our hypothesis, we performed a series of experi-
ments that involved the application of reverse microdialysis,
selective hepatic autonomic denervations, euglycemic
hyperinsulinemic clamps, and stable isotope dilution. To
prevent any effects of increased adiposity on glucose me-
tabolism, all experiments were performed 1 week after
OVX, i.e., before any increase in body weight or adiposity
occurred.

RESEARCH DESIGN AND METHODS

Animals. Female Wistar rats (Harlan, Horst) housed with a 12-h light-12-h dark
schedule (lights on at 7:00 a.M.) were used for all experiments. Body weight
was between 220 and 280 g. Food and drinking water were available ad libi-
tum. All of the following experiments were conducted with the approval of the
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Animal Experimental Committee of the Academic Medical Center in Amster-
dam.

Surgery. Rats were anesthetized using a mixture of ketamine/xylazine (100:10
mg/kg intraperitoneally). All animals underwent a bilateral OVX (except for the
control group in experiment 1). Silicon catheters were inserted into the right
jugular vein and left carotid artery for intravenous (IV) infusions and blood
sampling, respectively. With a standard Kopf stereotaxic apparatus, bilateral
microdialysis probes were placed adjacent to PVN or VMH. The coordinates for
the PVN were: anterior posterior, 1.6 mm,; lateral,1.8 mm (angled at 10°); and 9.1
mm ventral from the surface of the bone. The coordinates for the VMH were:
anterior posterior, 2.5 mm; lateral, 2.0 mm (angled at 10°); and 9.0 mm ventral
from dura. We used dental cement to secure the microdialysis probes and the
jugular and carotid outlets to four stainless steel screws inserted into the skull.
Rats were allowed 1 week of postoperative recovery before the start of the
actual experiment. The probe location was checked by thionin staining after
sacrifice. Only the animals with correct probe placements were used for data
analysis (Supplementary Data 1).

Hepatic sympathetic or parasympathetic branches were denervated according
to our previously published methods (18). The effectiveness of the hepatic
sympathetic denervation was checked by measuring the norepinephrine content
in the liver (25). We previously have validated our method for selective hepatic
parasympathectomy (parasympathetic denervation) by using retrograde viral
tracing (18).

During the experiments, animals were connected to blood-sampling and
microdialysis lines, which were attached to a metal collar and kept out of reach
of the rats by means of a counterbalanced beam. This allowed all manipulations
to be performed outside the cages without handling the animals. The metal
collars were attached at least 24 h before the actual experiment. Animals were
handled and sham blood was sampled (i.e., blood was withdrawn and imme-
diately returned) regularly during the week before the first experiment began to
familiarize them with all the experimental procedures.

One mg B-E2 (Sigma, St. Louis, MO) was dissolved in 1 mL pure dimethyl
sulfoxide (DMSO) and diluted 100 times with Ringer solution. The ER antag-
onist ICI 182,780 (TOCRIS, Bristol, U.K.) was dissolved at a final concentration
of 10 pg/mL in Ringer solution containing 1% DMSO. With a measured E2
recovery efficiency of 0.002% (in vitro), the drug concentrations used in the
current study (i.e., 10 ng/mL) are expected to result in tissue concentrations of
~1.0 nmol/L, which is close to the tissue concentration of E2, as measured in
our previous study (26). The EC50 value of E2 is ~0.15 nmol/L for both ER«
and ER. Thus, the doses used for infusion are expected to activate both ERa
and ERB. We cannot measure the recovery efficiency of the antagonist. The
IC50 value of antagonist is 0.29 nM. Thus, if the recovery is similar to that of
E2, then it will inhibit both ERa and ER.

Plasma measurements. Glucose enrichment was measured as described pre-
viously (27) (Supplementary Data 2). Plasma insulin and corticosterone were
measured by a commercially available enzyme-linked immunosorbent assay.
Plasma E2 concentration was determined by enzyme-linked immunosorbent as-
say kits (Biosource, Nivelles, Belgium).

Statistics. Data were analyzed by ANOVA with repeated measures, with group
(E2 or vehicle) as the between-animal factor and time as the within-animal
factor. Post hoc tests (Tukey Honestly Significant Difference) were performed
if ANOVA revealed a significant effect. Significance was defined at P = 0.05.

Experiment 1 was designed to investigate the difference in plasma glucose
concentrations between intact animals and animals that had undergone OVX,
and the effect of IV infusion of E2 in OVX animals on plasma glucose con-
centrations. Blood samples from both intact and OVX animals were collected at
10:30 a.m. for the measurement of basal plasma glucose concentrations. In
OVX animals, E2 (3.5 ng/min) or vehicle (saline containing 1% DMSO) was
continuously infused via the jugular vein catheter for 165 min (start from t = 15
min). Blood samples were collected from the carotid artery at t = 0 (just before
infusion) and at t = 30, 45, 60, 90, 120, 150, and 180 min after infusion. In the
sham animals, blood samples were collected at the same time point.

Experiment 2 was designed to investigate the changes in plasma glucose
induced by the reverse microdialysis of the ER antagonist ICI 182,780 into the
PVN and VMH combined with the IV administration of E2 in OVX animals.
Ringer dialysis (3 wL/min) in the PVN or VMH via the microdialysis probes was
started at t = —60 min. E2 (3.5 ng/min) was IV-infused starting at t = 10 min,
and E2 antagonist (10 pg/mL, 3 pL/min) was infused via the microdialysis
probes into the PVN or VMH starting at t = 15 min. Blood samples were col-
lected at t = 0, 30, 45, 60, 90, 120, 150, and 180 min.

Experiment 3 was designed to investigate the effects of reverse micro-
dialysis of E2 into the PVN and VMH of OVX animals on glucose kinetics. To
study glucose kinetics, [6,6-2H2] glucose (as a primed [8.0 pmol in 5 min]
continuous [16.6 pmol/h] infusion) was used as tracer (>99% enriched;
Cambridge Isotopes, Andover, MA). Blood samples were taken at t = —95 min
for measuring background enrichment of [6,6-2H2] glucose at t = 0, 5, and 10
min for determining enrichment during the steady state, and at t = 30, 45, 60,
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90, 120, 150, and 180 min for determining enrichment during the retrodialysis
of E2 (nonsteady state). Ringer dialysis (3 nL/min) in the PVN or VMH via the
microdialysis probes was started at t = —60 min. At t = 15 min, E2 (10 pg/mL,
3 pL/min) or vehicle (Ringer with 1% DMSO, 3 pnL/min) was infused by ret-
rodialysis into PVN or VMH.

Experiment 4 was designed to investigate the effects of reverse micro-
dialysis of E2 into the PVN and VMH of OVX animals on insulin sensitivity.
Background blood samples and isotope tracer infusion were the same as for
experiment 3. At t = 15 min, insulin was administered in a primed IV infusion
(3.6 mU/kg - min in 5 min for the “low” clamp 1, and 7.2 mU/kg - min in 5 min
for the “high” clamp 2), followed by a continuous IV infusion (1.5 mU/kg - min
and 3 mU/kg - min, respectively). A variable infusion of a 25% glucose solution
(containing 1% [6,6-2H2] glucose) was used to maintain euglycemia (5.5 = 0.5
mmol/L)) (Supplementary Data 3), as determined by carotid catheter blood
sampling every 10 min. Thirty minutes after the start of the primary insulin
infusion (t = 45 min), Ringer perfusion of the microdialysis probes was
replaced by the E2 solution (10 pg/mL, 3 pl/min) or vehicle (Ringer con-
taining 1% DMSO). At the end of the clamp, five blood samples were taken with
a 5-min interval at t = 120, 125, 130, 135, and 140 min (Supplementary Data 4).

Experiment 5 was designed to investigate the effect of selective hepatic
autonomic nerve denervations on plasma glucose changes induced by the
reverse microdialysis of E2 into the PVN and VMH. The experimental design is
similar to that for experiment 3.

Experiment 6 was designed to investigate the effects of a hepatic sympa-
thetic nerve denervation combined with the reverse microdialysis of E2 into the
VMH on hepatic insulin sensitivity. The experimental design was similar to that
of experiment 4.

RESULTS

As expected, plasma E2 concentrations were lower in OVX
than in intact animals (P = 0.004) (Fig. 1A). After 165 min of
systemic E2 infusion, plasma E2 concentrations were
higher in the E2 group (P = 0.002) and comparable with
those of the intact animals (P = 0.357) (Fig. 14). OVX ani-
mals showed a 17% decrease of basal plasma glucose con-
centrations as compared with intact animals (P = 0.035)
(Fig. 1B). During systemic infusion of E2, plasma glucose
concentrations significantly increased as compared with the
vehicle-infused group (time effect: P < 0.001; group effect:
P = 0.028; time X group effect: P = 0.001) (Fig. 1B).

The effect of systemic E2 on plasma glucose was blunted
by intrahypothalamic administration of the E2 antagonist
ICI 182,780. Plasma glucose levels were significantly lower
during systemic E2 infusion and simultaneous retro-
dialysis of ICI 182,780 in the PVN than during vehicle ret-
rodialysis (time, P < 0.001; group, P = 0.02; time X group,
P = 0.064) (Fig. 1C). A similar effect was found after sys-
temic E2 infusion and simultaneous retrodialysis of ICI
182,780 in the VMH (time, P < 0.001; group, P = 0.009; time X
group, P < 0.001) (Fig. 1D).

During retrodialysis of E2 in the PVN of OVX animals,
plasma glucose concentrations increased compared with
vehicle retrodialysis (group, P = 0.015; time X group, P <
0.001) (Fig. 2A). Similarly, E2 treatment in the VMH also
resulted in higher plasma glucose levels (group, P = 0.006;
time X group, P < 0.001) (Fig. 2D). During the retrodialysis
of vehicle in the PVN and VMH, EGP showed a slow decline,
probably because of the prolonged fasting (20). Retrodialysis
of E2 in the PVN did not affect EGP (Fig. 2B), but the same
treatment in the VMH increased EGP as compared with the
vehicle treatment, i.e., EGP showed no steady decrease but
showed significant effects of group (P < 0.001) and time X
group (P < 0.001) (Fig. 2F). Importantly, plasma E2 con-
centrations were not affected by the intrahypothalamic
infusions of E2 in either the PVN or the VMH (Fig. 2C and F").

We studied hepatic and peripheral insulin sensitivity using
euglycemic hyperinsulinemic clamps at low and high insulin
concentrations, respectively. Plasma insulin concentrations
during the clamps were significantly higher than those
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FIG. 1. A: OVX reduced plasma E2 concentrations compared with intact animals. IV E2 administration restored plasma E2 concentrations (dif-
ferent letters indicate a significant difference, P < 0.05). B: After OVX, plasma glucose concentrations were lower compared with those of intact
animals (P = 0.035). IV E2 administration acutely increased plasma glucose to concentrations observed in intact animals. The increase in plasma
glucose concentrations during IV E2 administration was attenuated by simultaneous administration of the ER antagonist ICI 182,780 (ICI) in (C)
the PVN (P = 0.020 vs. vehicle) and (D) VMH (P = 0.009 vs. vehicle). The hatched bars indicate the continuous infusion of vehicle, E2, and/or ICI.

during basal conditions in both the low-dose and high-dose
clamp groups (time, P < 0.001). No significant differences
between the different infusion groups (i.e., vehicle, PVN, and
VMH) were detected (group, P > 0.27; time X group, P >
0.48) (Fig. 3C and F). The lower dose clamp experiment
showed similar basal EGP levels between the vehicle and E2
infusion groups (P = 0.687), but the intrahypothalamic ad-
ministration of E2 differentially affected the insulin-induced
decrease of EGP (P = 0.003) (Fig. 3A). In the vehicle and
PVN E2 infusion groups, EGP was suppressed by 30-40%,
whereas in the VMH E2 infusion group the expected de-
crease in EGP induced by hyperinsulinemia was completely
blunted (P = 0.017 versus vehicle) (Fig. 3B).

During the higher-dose hyperinsulinemic clamp, the insulin-
induced increase in glucose uptake was reduced by E2
treatment both in the PVN and VMH (both P = 0.012) (Fig.
3D). In the vehicle group, as expected, glucose uptake was
increased by 130%, whereas in the PVN and VMH treat-
ment group, the increase in glucose uptake by insulin was
attenuated (Fig. 3E).

diabetes.diabetesjournals.org

Liver noradrenalin levels were significantly lower
(<10%) in all sympathectomy (sympathetic denervation)
groups as compared with both the sham-denervated and
parasympathectomy (parasympathetic denervation) groups
(Supplementary Data 5). During E2 infusion in the PVN, the
increase in plasma glucose did not differ between sham,
hepatic sympathetic denervation, and parasympathetic de-
nervation groups (group, P = 0.386; time X group, P = 0.163)
(Fig. 4A). Likewise, there was no effect of hepatic denerva-
tions on EGP (group, P = 0.528; time X group, P = 0.939)
either during steady-state or nonsteady-state conditions
(Fig. 4B). During E2 infusion in the VMH, however, plasma
glucose concentrations were lower in the sympathetic
denervation group than in the parasympathetic
denervation and sham groups (post hoc group effect:
P = 0.002 and P = 0.001, sympathetic denervation versus
parasympathetic denervation and sham, respectively) (Fig.
4(C). The stimulatory effect of E2 infusion in the VMH on
EGP (Fig. 2E) was abolished by sympathetic denervation,
but not by parasympathetic denervation or sham denervation
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FIG. 2. A: Administration of E2 (n = 6) into the PVN increased plasma glucose concentrations (P = 0.015) (B), but not EGP as compared with
vehicle (n = 7). D: E2 (n = 6) infusion into the VMH increased plasma glucose (P = 0.006). E: E2 infusion in the VMH increased EGP (overall group
effect, P < 0.001). C and F: Plasma E2 concentrations were not different between vehicle and E2-infused animals, excluding leakage from the
hypothalamus to the systemic circulation. The hatched bars indicate the continuous infusion of vehicle or E2.

(group P = 0.006 and time X group P < 0.001 for sympathetic
denervation versus sham, and group P = 0.604 and time X
group P = 0.487 for parasympathetic denervation versus
sham) (Fig. 4D). During E2 infusion in the VMH, insulin
suppressed EGP by 35% in the sympathetic denervation
group, but only by 10% in the group with intact sympathetic
signaling to the liver (P = 0.014) (Fig. 5A and B), indicating
the necessity of the sympathetic hepatic innervation for the
modulation of hepatic insulin sensitivity by E2 in the VMH.

438 DIABETES, VOL. 62, FEBRUARY 2013

Plasma insulin levels during the clamp were significantly
increased as compared with basal conditions before the
clamp, but no significant differences between the two groups
(sham and sympathetic denervation) were found (P < 0.001
and P = 0.172, respectively) (Fig. 5C).

E2 effects on glucoregulatory hormones. IV E2 infu-
sions in experiment 1 did not affect plasma insulin, corti-
costerone, or glucagon levels when compared with the
vehicle group (Table 1). Also, E2 administration in the PVN

diabetes.diabetesjournals.org
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FIG. 3. A and B: Insulin decreased EGP by 30-40% during vehicle (VEH; n = 6) and E2 infusion in the PVN E2 (n = 6). Insulin-mediated suppression
of EGP was completely blunted by simultaneous E2 infusion in the VMH (n = 6). D and E: Insulin infusion also stimulated glucose uptake (Rd),

which was partly prevented by infusion of E2 in either the VMH or the PVN. C and F: Plasma insulin concentrations in the different groups during
the “low” (1.5 mU/kg - min) (C) and “high” (3.0 mU/kg - min) (F) clamps. Different letters indicate a significant difference (P < 0.05).

or VMH did not affect plasma insulin or glucagon con-
centrations (Table 1). Both PVN and VMH administration
of E2 resulted in increased plasma corticosterone values at
t = 180 min, but only the effect in the PVN reached sig-
nificance (ANOVA basal values [t = 0 min], P = 0.637; t =
180 min, P = 0.009). The PVN-E2 corticosterone value
differed significantly from both vehicle groups at t = 180
min (P < 0.005), whereas the VMH-E2 t = 180 value did
not differ from the two vehicle groups or from the PVN-E2
group.

DISCUSSION

The key finding of the current study is that local changes in
hypothalamic E2 availability have site-specific effects on
peripheral glucose metabolism and insulin sensitivity. More
specifically, in rats that have undergone OVX| local supple-
mentation of E2 in the PVN and VMH decreased peripheral
insulin sensitivity and reduced glucose uptake, whereas

diabetes.diabetesjournals.org

local E2 supplementation in the VMH also reduced EGP and
caused hepatic insulin resistance. Finally, we demonstrated
that the effect of E2 in the VMH on hepatic insulin sensitivity
is mediated by the sympathetic innervation to the liver.
The effects of OVX in animal models include increased
food intake and decreased running activity, all of which
are reversed on E2 replacement (28,29). A series of
experiments by Clegg et al. (6) showed that local effects of
E2 in the brain play an important role in these restorative
effects of E2. Recent reports showed that a major part of
the profound effects of E2 on energy metabolism are me-
diated via the hypothalamus. For instance, ICV infusion of
E2 was sufficient to restore the normal pattern of body fat
distribution in OVX females (6), and a local knockout of
ERa in the VMH was sufficient for animals to become
obese (10). Thus, E2 withdrawal and substitution have
profound effects on adiposity and lipid metabolism
(3,6,30). Direct effects of E2 on glucose metabolism via the
brain, however, are not evident yet. However, previous
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FIG. 4. A and B: The effect of E2 administration in the PVN on plasma glucose concentration and EGP was not affected by sympathetic denervation
(Sx) or parasympathetic (Px) denervation of the liver. C and D: In contrast, sympathetic denervation reduced plasma glucose (P = 0.002 Sx vs.
sham) and EGP (P = 0.006 Sx vs. sham) during E2 infusion in the VMH compared with sham denervation. The hatched bars indicate the continuous

infusion of E2.

studies by us and others revealed that the hypothalamus
also plays a crucial role in the regulation of glucose pro-
duction (19,21). To further examine the possible neural
mechanisms behind the modulation of peripheral E2 on
glucose metabolism, we used reverse microdialysis tech-
nology to be able to administer E2 locally into PVN or VMH.
In our first set of experiments, strikingly lower plasma
glucose levels in OVX animals were found, which could be
reversed by a systemic E2 replacement. Interestingly, the
increase in plasma glucose concentrations induced by sys-
temic E2 was blocked by the hypothalamic administration
of the E2 antagonist ICI 182,780, both in PVN and VMH. The
data indicated that, like glucocorticoid and thyroid hor-
mone, hypothalamic E2 also may play an important role in
the regulation of peripheral glucose metabolism.

Next, we infused E2 directly into the PVN and VMH by
reverse microdialysis. The increased plasma glucose levels
were consistent with the results of the antagonist experi-
ment. The E2-induced changes could not be explained by
the changed corticosterone or insulin levels as during the
VMH infusions, neither plasma corticosterone nor insulin

440 DIABETES, VOL. 62, FEBRUARY 2013

concentrations were affected. Infusions in the PVN did not
affect plasma insulin concentrations either. In accordance
with the well-known effects of estrogens on the hypothalamo-
pituitary-adrenal axis, corticosterone concentrations were
changed by E2 administration in the PVN. However, the
E2-induced corticosterone changes occurred after t = 150
min, which was much later than the E2-induced change in
plasma glucose. Although both electrical stimulation of VMH
neurons and direct insulin injections in the VMH have been
reported to induce an increase of plasma glucagon concen-
trations (31-33), we did not find any change in plasma glu-
cagon values after the different treatments in the current
study. These data indicate that the increased EGP induced by
VMH E2 is not mediated by an increased release of glucagon,
and that different mechanisms may be activated via the VMH.
Although our denervation experiments suggest that the E2-
induced increased EGP is caused by an increased sympa-
thetic activity, at present we cannot exclude the involvement
of other hormonal regulators such as the catecholamines.
Recently Yonezawa et al. (34) reported that during expo-
sure to a high-fat diet, both peripheral and central ERs are
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FIG. 5. A and B: During E2 administration in the VMH, insulin-mediated EGP suppression was restored after sympathetic denervation (Sx) of the
liver. C: Insulin concentrations under basal conditions and during IV insulin administration. n = 6 for all groups. Different letters indicate a sig-
nificant difference (P < 0.05). Insulin administration rate: 1.5 mU/kg - min.

involved in the regulation of glucose metabolism. However,
central and peripheral ERs seem to operate via different
mechanisms. When treated with peripheral E2, fatty acid
synthase was decreased in white adipose tissue, whereas
treatment with central E2 changed both liver glucose pro-
duction and peripheral tissue glucose uptake (34). Their
results suggest that hypothalamic E2 may affect EGP and
glucose uptake by, respectively, increasing and decreasing
insulin sensitivity. Estrogenic effects on peripheral organs
also were addressed by several other studies. In the liver,
glucose homeostasis seems to be regulated mainly by
estrogen acting via ERa, which was associated with a pro-
nounced hepatic insulin resistance (35). Immunohistochem-
ical analysis revealed that ERa and ERP are coexpressed in
the nuclei of most muscle cells. These studies also showed
that ERa is a positive regulator of GLUT4 expression,
whereas ERB has a suppressive role (36).

In the current studies, E2 administration in the VMH but
not PVN increased EGP, indicating that the increasing
plasma glucose concentrations observed after PVN infusion
were mainly attributable to a decreased glucose uptake,
whereas the increased plasma glucose concentrations after
E2 administration in the VMH were mainly attributable to an
increased EGP. The two classic ERs, ERa and ERB, show
a distinct hypothalamic distribution, with the VMH mainly
containing ERa and the PVN mainly containing ERB (23).
At present it is not clear how this differential receptor

distribution contributes to the different glucoregulatory
effects of E2 in the PVN and VMH.

We used hyperinsulinemic-euglycemic clamps with two
different insulin plasma levels. Consistent with the basal
EGP results, PVN E2 treatment caused a peripheral insulin
resistance. However, both peripheral and hepatic insulin
resistance were found in the group treated with VMH E2.
Previous studies in our group showed that the hypothala-
mus often increases hepatic glucose production by stim-
ulating sympathetic efferent nerves (18,19,21). Also, in the
current experiments the stimulatory effect of E2 via the
VMH on EGP (and plasma glucose concentrations) was
abolished by a sympathetic, but not a parasympathetic,
denervation of the liver. However, autonomic denervation
of the liver (either sympathetic or parasympathetic) had
no effect on the stimulatory effect of E2 on plasma glucose
concentrations via the PVN. There is no evidence for a di-
rect neural connection between the VMH and autonomic
nuclei in the brainstem or spinal cord, contrary to the PVN.
However, the VMH has pronounced projections to the
PVN, which functions as the hypothalamic integration
center for autonomic and endocrine information and
serves as the final neuroendocrine and autonomic output
nucleus from the hypothalamus (18,37-40). ERa is
expressed in the majority of glutamatergic neurons in VMH
(41) and the PVN is known to receive a strong gluta-
matergic input from the VMH (42). Therefore, we propose

TABLE 1
Plasma hormone measurements for experiments 1 and 3
Insulin (ng/mL) Corticosterone (ng/mL) Glucagon
After After After

Before infusion infusion Before infusion infusion Before infusion infusion
Groups t=0 (t = 180) t=0) (t = 180) t=0 (t = 180)
IV vehicle 1.25 = 0.28 1.51 = 041 85.48 = 10.46 152.20 * 35.67 74.65 * 24.77 64.88 = 29.13
IV E2 1.59 = 0.26 1.98 = 0.43 75.83 *= 29.22 147.56 * 52.76 76.69 * 21.69 70.88 + 14.01
PVN vehicle 0.90 £ 0.19 0.88 £ 0.13 77.75 + 14.19 88.13 *= 16.66 80.14 = 17.77 73.12 = 17.76
PVN E2 0.97 = 0.14 0.92 £ 0.25 81.00 = 18.80 217.14 + 34.64* 73.02 = 20.59 85.50 = 16.31
VMH vehicle 1.26 = 0.35 1.78 = 0.28 88.33 = 17.15 88.00 = 27.12 68.47 = 13.28 82.99 * 13.36
VMH E2 1.56 = 0.60 1.65 = 0.35 55.40 *= 12.30 123.20 + 31.08 72.41 * 28.00 79.99 * 12.96

*P < 0.05 as compared with t = 0 min values.
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that ERa-containing glutamatergic neurons in the VMH that
project to the PVN are activated by local administration of
E2, thereby exciting sympathetic preautonomic neurons in
the PVN that, in turn, stimulate the hepatic sympathetic
tone.

In line with our present findings, a number of previous
experiments have provided evidence for hypothalamic ef-
fects on glucose uptake mediated via the autonomic nervous
system (43,44). From a physiological viewpoint, the opposite
effects of ERa stimulation in the VMH on hepatic glucose
production and peripheral glucose uptake (stimulatory and
inhibitory, respectively) are plausible, because in this way
the two mechanisms will act in concert to increase plasma
glucose concentration. To explain the opposite effect of the
VMH on muscle-dedicated and liver-dedicated preautonomic
neurons, we propose that either the glutamatergic projection
of the VMH to the muscle-dedicated preautonomic neurons
involves a GABAergic interneuron in the sub-PVN or the
VMH contains GABAergic ERa-expressing neurons that
contact and inhibit the muscle-dedicated preautonomic
neurons directly. E2 treatment has been shown to increase
GABAergic activity in the VMH (45). Finally, the preferential
effect of E2 in the PVN on peripheral glucose uptake indicates
that in all likelihood the muscle-dedicated preautonomic
neurons, but not the liver-dedicated preautonomic neurons, in
the PVN express the ERB. Although the expression of ER3
mRNA in preautonomic PVN neurons has been reported (46),
the peripheral targets of these neurons are not known.

Together, our results show differential effects of intra-
hypothalamic E2 on hepatic and peripheral glucose me-
tabolism that are, at least partly, mediated by the
sympathetic branch of the autonomic nervous system.
However, the current results seem contradictory with
earlier studies that indicated increased plasma glucose
levels in OVX animals. We think this apparent difference is
induced by the different models used. Most studies thus far
used a “chronic” model in which animals were studied at
least 1 month after the OVX (47-49). Therefore, the in-
creased levels of plasma glucose observed most likely are
the results of hyperphagia and obesity. The current results
indicate that the first effect of reduced plasma E2 con-
centrations is a lowering of plasma glucose levels. During
the second stage, the OVX animals have development of
increased food intake and decreased energy expenditure
and they become obese. At the end of the second stage, the
impaired energy homeostasis will overrule the glucose-
lowering effect of E2 removal. How the short-term effects
of intrahypothalamic E2 on glucose metabolism as ob-
served in the present set of experiments can be reconciled
with the long-term effects of E2 deprivation on body
weight and insulin sensitivity remains to be determined.
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