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Estrogens favor glucose homeostasis primarily through
the estrogen receptor-a (ERa), but the respective im-
portance of nuclear ERa (NOER) and membrane ERa
(MOER) pools to glucose homeostasis are unknown. We
studied glucose homeostasis, insulin secretion, and in-
sulin sensitivity in male and female mice expressing
either the NOER or the MOER. Male and female MOER
mice exhibited fasting and fed hyperglycemia and glucose
intolerance. Female MOER mice displayed impaired cen-
tral insulin signaling associatedwith hyperinsulinemia and
insulin resistance due to unrestrained hepatic gluconeo-
genesis, without alterations in glucose-stimulated insulin
secretion (GSIS). In contrast, male MOER mice did not
exhibit detectable insulin resistance, but showed impaired
GSIS associated with reduced brain glucose sensing.
Female NOER mice exhibited milder hepatic insulin re-
sistance and glucose intolerance. In conclusion, nuclear
ERa signaling is predominant in maintaining glucose ho-
meostasis in mice of both sexes. Lack of nuclear ERa
alters the central control of insulin sensitivity in females
and predominantly impairs the central regulation of insulin
secretion in males.

Estrogens favor glucose homeostasis, and estrogen de-
ficiency predisposes males and females to dysglycemia
(1,2). In women, early menopause (producing prolonged
17b-estradiol [E2] deficiency) and surgical menopause by

oophorectomy (producing rapid and severe E2 deficiency)
both increase the risk of type 2 diabetes compared with
women with natural menopause (2). In men, total estrogen
deficiency induced by inactivating mutations of the CYP19
gene, which codes for aromatase, produces insulin resis-
tance, glucose intolerance, and even type 2 diabetes (1). In
both cases, estrogen therapy improves metabolic altera-
tions. The metabolic actions of estrogens are mediated via
the estrogen receptor (ER)-a (ERa), ERb, and the mem-
brane-bound G-protein–coupled ER. ERa is believed to
account for most actions of estrogens on glucose homeo-
stasis in vivo. Male and female mice with global knockout
of ERa (ERaKO) develop insulin resistance and glucose
intolerance (3–6). Experimentally, skeletal muscle pools of
ERa are more important for systemic insulin action (4,7).
The loss of ERa in pancreatic islets also predisposes male
and female mice to pancreatic b-cell dysfunction and
failure in conditions of metabolic stress (8–10). ERa is
a ligand-activated transcription factor that regulates gene
expression by binding estrogen response elements present
on the DNA or by indirect binding via tethering to other
transcription factors (11). ERa is not only localized to the
nuclear compartment but is also present in extranuclear
locations at the level of membranes. Membrane targeting
of ERa through palmitoylation at cysteine residues (12)
represents 5–10% of the total pool depending on the
cell type (13). Membrane localization of ERa facilitates
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membrane-initiated rapid signaling events that are im-
portant in males and females for reproduction (14,15),
neuronal function (16), and vascular health (17). The
activation of extranuclear ERa also promotes pancreatic
islet survival from apoptotic stresses (18), prevents excess
islet lipogenesis (9,19), and stimulates insulin synthesis
(20). The importance of extranuclear steroid receptors in
metabolic homeostasis is not limited to ERs. The androgen
receptor also exhibits extranuclear/membrane location in
b-cells with a critical role in insulin secretion in males (21).
Therefore, understanding the contributions of extranu-
clear and nuclear pools of ERa to glucose homeostasis is
a necessary step toward the development of sex-based
therapies in diabetes.

Here, we studied mice of both sexes expressing either
the membrane ERa (MOER) or the nuclear ERa (NOER)
pools (14,22) to determine their contribution to glucose
homeostasis, insulin action, and insulin secretion.

RESEARCH DESIGN AND METHODS

Animals
The generation and genotyping of ERaKO (23), MOER
(22) and NOER (14) mice were described previously (Fig.
1A). MOER mice genotyping confirmed the absence of the
endogenous expression of ERa and the presence of the
human E domain of ERa (Supplementary Fig. 1A and B).
Moreover, MOER mice and littermate controls expressed
a comparable amount of the human E domain mRNA in
muscle and liver, which was absent in the ERaKO and wild-
type (WT) (Supplementary Fig. 1D). NOER mice genotyp-
ing confirmed the presence of the knockin mutation at
position 451 of the ERa gene (Supplementary Fig. 1C).
WT littermates were used as controls; if not available,
C57BL/6N mice (Charles River Laboratories) were used as
controls. All experiments were approved by the Institu-
tional Animal Care and Use Committee of Tulane Univer-
sity in accordance with National Institutes of Health
guidelines. Mice were studied between the ages of 5 and
12 months.

Metabolic Studies and Hormone Measurements
Random-fed blood glucose and plasma insulin levels were
measured in the morning (3–4 h after the beginning of the
light cycle). Fasting blood glucose and plasma insulin levels
were measured after 16 h of fasting (overnight). A glucose
tolerance test (GTT), glucose-stimulated insulin secretion
(GSIS) test, and pyruvate tolerance test (PTT) were per-
formed after 16 h of fasting. An insulin tolerance test (ITT)
was performed after 6 h of fasting. Mice were injected i.p.
with glucose for GTT (2 g/kg) and GSIS (3 g/kg), sodium
pyruvate for PTT (2 g/kg), or insulin for ITT (0.5–0.75
units/kg for females, 0.75–1.25 units/kg for males). The
brain glucose-sensing experiment was performed as de-
scribed previously (24,25) after right carotid catheteriza-
tion and the injection of a bolus of glucose (25 mg/kg).
Blood was sampled from the tail vein at indicated times for

glucose and/or insulin assessment. Blood glucose was mea-
sured using the True Result Glucose Meter (Nipro Diag-
nostics). Plasma insulin levels were measured by ELISA
(Millipore). At sacrifice, blood was sampled from the in-
ferior vena cava and serum was collected for measure-
ment of testosterone (IBL America), luteinizing hormone
(LSBio), E2 (Calbiotech), and interleukin-6 (IL-6) (R&D
Systems) by ELISA. Nonesterified fatty acids (Cell Biolabs,
Inc.) were measured from EDTA-treated plasma after
a 16 h of fasting.

Hyperinsulinemic-Euglycemic Clamp
Whole-body glucose turnover (Gt) was quantified using
a hyperinsulinemic-euglycemic clamp with isotope tracer.
Under isoflurane anesthesia, female MOER mice were
catheterized with a silastic catheter into the jugular,
with the other end tunneled out the neck skin. Postrecov-
ery, mice were fasted for 6 h in a cage where they were
freely moving. For some mice, a basal glucose level was
ascertained by perfusing saline containing high-performance
liquid chromatography–purified 3-3H D-glucose (0.05mCi/min;
ARC) for 2 h before the beginning of the clamp. A
continuous infusion of insulin (4 mU/kg/min) (Humulin;
Lilly) was started to induce hyperinsulinemia. The insulin
solution contained glucose tracer (0.1 mCi/min; ARC) to
measure the Gt (4-mL bolus in 1 min, then a constant rate
of 1 mL/min for 120 min). A variable glucose infusion rate
(GIR) of a 15% D-glucose solution was adjusted to maintain
blood glucose concentration at;100 mg/dL. Blood glucose
was measured every 20 min from the tail vein (no re-
straint). Blood samples were collected at t = 100, 110, and
120 min to assess glucose-specific activity. Blood
was deproteinized with ZnSO4 and Ba(OH)2, and the
supernatant was dried to remove 3H2O, resuspended in
water, and counted in scintillation fluid (Ultima Gold;
PerkinElmer) with a b-counter (Packard; Tulane Uni-
versity Shared Instrument Facility). Whole-body Gt (in
milligrams per kilogram per minute) was determined as
the ratio of the 3-3H GIR (desintegration per minute/kg/min)
to the specific activity of blood glucose (desintegration
per minute/mg) during the final 20 min of clamp. Endog-
enous glucose production (EndoRa) was calculated
as EndoRa = Gt 2 GIR. Plasma insulin concentration
was determined from blood samples at t = 0 and t =
120 min. At the end of the 120-min period, mice were
anesthetized and tissues were collected and snap frozen in
liquid nitrogen.

Central Glucose-Induced Insulin Secretion
In order to test in vivo the ability of the central nervous
system to induce insulin secretion in response to glucose
(glucose sensing), male mice were injected with glucose into
the brain, as described previously (24). Briefly, a catheter
was introduced into the carotid artery under anesthesia
(200 mg/kg; Inactin). A bolus of glucose (30 mL, 25 mg/kg)
was injected into the brain. This dose was not sufficient to
alter peripheral blood glucose concentration. Blood samples
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were collected from the tail vein 0, 1, 3, and 5 min post-
injection tomeasure blood glucose and plasma insulin levels.

Central Insulin Perfusion
The central infusion of insulin was performed as described
previously (26). Briefly, a single cannula guide (Plastics
One) was inserted into the lateral ventricle. After recovery
and 16 h of fasting, mice were perfused intracerebroven-
tricularly with insulin (10 mU/mL, 1 mL in a 1-min bolus
then 1 mL/h) (UltraMicroPump III, WPI; Humulin, Lilly) or
vehicle (artificial cerebrospinal fluid). After 3 h, mice were
euthanized, tissues were dissected, and snap frozen for
further analysis.

Insulin Secretion in Static Incubation
After islet isolation via pancreatic duct cannulation, experi-
ments of static incubation were performed as described
previously (21). Insulin secretion was expressed as a per-
centage of total insulin content.

Immunohistochemistry and b-Cell Mass Measurement
Pancreata were dissected, weighed, and fixed in 10%
neutral buffered formalin before paraffin embedding. Pan-
creas sections (5 mm) were prepared by the Tulane Uni-
versity Stem Cell Research and Regenerative Medicine
Histology Laboratory. Sections were dewaxed and rehy-
drated before antigen demasking using citrate buffer. After

Figure 1—Female MOER mice are hyperglycemic and glucose intolerant. A: The control (CTRL) mice express NOER and MOER. Global
ERaKO mice lack ERa. NOER mice exhibit a mutation of the ERa palmitoylation site, leading to exclusive ERa nuclear location. MOER mice
are ERaKO mice re-expressing the human ERa ligand-binding domain selectively at the membrane. Random-fed (B) and fasting blood
glucose (C), random-fed (D) and fasting plasma insulin (E) levels, and blood glucose and calculated area under the curve (AUC, inset) (F )
during a GTT (i.p. GTT, 2 g/kg) in 6-month-old female MOER and NOER mice with their respective CTRL littermates. Data correspond to the
mean 6 SEM (n = 6–23). *P , 0.05, ***P , 0.001.
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permeabilization, slides were incubated with guinea pig
anti-insulin antibody (Linco or Abcam) and donkey anti-
guinea pig Cy3 antibody (The Jackson Laboratory). Nuclei
were counterstained using DAPI. Each islet and the entire
pancreas were photographed using a Nikon Eclipse Ti and
Olympus microscope, respectively (Tulane University Cen-
ter of Biomedical Research Excellence Molecular Core).
Individual pancreas pictures were reconstituted using the
stitching function of the Metamorph Software (Nikon).
Insulin-positive areas were quantified using ImageJ soft-
ware. The b-cell mass (in milligrams) was calculated by
morphometric analysis by multiplying the b-cell area
(insulin-positive area/entire pancreas area; %) by the mass
of the entire pancreas.

Western Blotting
Tissues were homogenized in radioimmunoprecipitation
assay buffer containing antiphosphatases and antipro-
teases cocktails (Roche), and protein concentration was
determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). Thirty to 50 mg of protein
was separated by electrophoresis using 10% or 12% pre-
made SDS-PAGE gels (BIO-RAD) then transferred to ni-
trocellulose membranes (Invitrogen). Membranes were
incubated with the indicated antibodies (pAkt S473,
pAKT T308, Akt, pSTAT3 Y705, STAT3; Cell Signal-
ing Technology), followed by incubation with fluoro-
phore-coupled anti-rabbit IgG (LI-COR) or horseradish
peroxidase–linked anti-rabbit IgG (Santa Cruz Biotechnol-
ogy). The fluorescent signal was acquired using the Odys-
sey Imaging System (LI-COR) or the ChemiDoc MP Imaging
System (BIO-RAD). Band density quantification was per-
formed using ImageJ or Image Lab Software (BIO-RAD).

Real-time Quantitative PCR
RNA was extracted from the liver using TRIzol reagent
(Thermo Fisher Scientific) following manufacturer instruc-
tions. cDNA synthesis (1 mg) was performed using the
iScript cDNA Synthesis Kit (BIO-RAD). PCRs were pre-
pared using iQ SYBR Green Supermix (BIO-RAD), and
PCRs were performed in a LightCycler 96 Instrument
real-time detection system (Roche LifeScience). Quantifi-
cation of a given gene (IL-6; primer sequences are available
upon request), expressed as the relative mRNA level
compared with control, was calculated with the 2-ddCT
comparative method after normalization to the b-actin
housekeeping gene.

Statistics
Statistical analyses were performed with GraphPad Prism.
Normality of the samples was checked using the Kolmogorov-
Smirnov test. When the samples assumed a Gaussian dis-
tribution, a Student t test or a one-way ANOVA (with
Bonferroni post hoc test) were performed when appropri-
ate. Otherwise, the Mann-Whitney or Kruskal-Wallis test
was used. Results are expressed as the mean 6 SEM, and

P , 0.05 was considered to be significant. Significance is
expressed as follows: *P , 0.05, **P , 0.01, ***P , 0.001.

RESULTS

Loss of Nuclear ERa, and to a Lesser Extent Membrane
ERa, Impairs Glucose Homeostasis in Mice of Both
Sexes
To determine the relative contributions of NOER and MOER
pools to glucose homeostasis, we studied NOER and MOER
male and female mice. ERaKO mice were initially used as
controls of global ERa deficiency (Fig. 1A). Female MOER
mice exhibited fed and fasted hyperglycemia (Fig. 1B and C)
and hyperinsulinemia (Fig. 1E and D) to an extent similar to
that of ERaKO mice (Supplementary Fig. 2A). Female NOER
mice exhibited fed and fasted blood glucose levels comparable
to those of littermate WT controls (Fig. 1B and C), even
though their fasting and fed plasma insulin levels were
nonsignificantly increased, suggesting insulin resistance
(Fig. 1E and D). After an i.p. GTT, female MOER mice,
and to a lesser extent NOER mice, exhibited glucose in-
tolerance, as observed in ERaKO mice (Supplementary Fig.
2B), compared with the littermate controls (Fig. 1F).

Like females, male MOER mice exhibited fed and fasted
hyperglycemia (Fig. 2A and B) similar to ERaKO mice
(Supplementary Fig. 2C), whereas male NOER mice
remained normoglycemic (Fig. 2A and B). However, unlike
in the case of females, plasma insulin levels of male MOER
and NOERmice were not significantly different from those
of littermate controls, suggesting that they were not in-
sulin resistant (Fig. 2C and D). Only fasting plasma insulin
levels were elevated in male MOER mice (Fig. 2C and D)
and showed a trend toward elevation in ERaKO (Supple-
mentary Fig. 2C). After an i.p. glucose challenge, male
MOER and ERaKO mice, but not NOER mice, exhibited
glucose intolerance (at 2 h into the GTT) compared with
their littermate controls (Fig. 2E and Supplementary Fig.
2D). Male NOER mice also responded normally to an oral
glucose challenge (Supplementary Fig. 3).

These results suggest that nuclear ERa is essential for
maintaining glucose homeostasis in male and female mice
but suggests that sex-specific mechanisms are involved.

Loss of NOER and MOER Produces Hepatic Insulin
Resistance in Female Mice
We assessed insulin sensitivity in physiological conditions
via ITT in male and female MOER and NOER mice. Female
MOER mice, like ERaKO mice, exhibited resistance to
the hypoglycemic effect of insulin, as demonstrated
by a smaller decrease in blood glucose level after insulin
injection compared with their controls, whereas female
NOER mice exhibited normal insulin sensitivity (Fig. 3A
and Supplementary Fig. 4A). In contrast, during the ITT,
male MOER mice exhibited normal insulin sensitivity that
was comparable to that of male NOER and ERaKO mice
(Fig. 3B and Supplementary Fig. 4B). Both female and male
MOER mice showed a similar increase in subcutaneous
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inguinal, mesenteric, and perigonadal adipose tissues com-
pared with control mice, which was not observed in NOER
mice (Fig. 3C–F), eliminating a potential role for adiposity
in the insulin resistance observed in female MOER mice
compared with male MOER mice. Note that male MOER
mice showed an increase in fat mass without a significant
increase in body weight, likely due to the deleterious effect
of ERa deletion on lean mass in the male (27,28).

Having observed that female MOER mice are hyper-
insulinemic and insulin resistant during ITT and that
female NOER mice exhibit a nonsignificant fasting and
fed hyperinsulinemia, suggesting insulin resistance (not
detected during the ITT), we explored systemic insulin
sensitivity during a hyperinsulinemic-euglycemic clamp in
female MOER and NOER mice. During the clamp, we
increased plasma insulin levels by a factor of 3–6 from
fasted levels in MOER and NOER mice and littermate
controls (Supplementary Fig 5A and D). Blood glucose
levels were maintained to similar levels in MOER and
NOER mice and their littermate controls (Supplementary
Fig. 5B and E), with no difference in blood glucose levels at
the end of the 2 h (Supplementary Fig. 5C and F) by
adjusting the GIR. The GIR was decreased in female MOER

(Fig. 4A) and NOER (Fig. 4D) mice compared with litter-
mate control mice, demonstrating systemic insulin resis-
tance. Based on tracer-specific activity determination at
the end of the clamp, there was no difference in insulin-
stimulated whole-body Gt between female control and
littermate MOER and NOER mice (Fig. 4B and E). How-
ever, the endogenous glucose production (EndoRa) was
more elevated in the female MOER mice (Fig. 4C) and to
a lesser extent in NOER mice (Fig. 4F) compared with
control mice, suggesting hepatic insulin resistance. We
explored the mechanism of insulin resistance in female
MOER mice only. To explore liver gluconeogenesis, we
examined pyruvate incorporation into glucose via gluco-
neogenesis after a PTT. After pyruvate injection, in agree-
ment with the EndoRa (Fig. 4C), female MOER mice
exhibited higher blood glucose levels, which did not return
to basal level by 2 h postinjection (Fig. 4G). Together, these
data suggest that female MOER mice exhibit insulin re-
sistance via increased hepatic glucose output from unsup-
pressed gluconeogenesis. Direct insulin signaling, as
assessed by insulin-stimulated Akt phosphorylation on
Ser 473 and Thr 308 in liver (Fig. 4H) and skeletal muscle
(Supplementary Fig. 6) isolated from clamped MOER mice,

Figure 2—Male MOER mice are hyperglycemic and glucose intolerant. Random-fed (A) and fasting blood glucose (B), random-fed (C) and
fasting plasma insulin (D) levels, and blood glucose and calculated area under the curve (AUC, inset) (E) during a GTT (i.p. GTT, 2 g/kg) in
6-month-old male MOER and NOER mice with their respective control (CTRL) littermates. Data correspond to the mean 6 SEM (n = 6–25).
*P , 0.05, **P , 0.01. AUC, area under the curve.
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Figure 3—Female MOERmice exhibit hepatic insulin resistance. Blood glucose level during an ITT (i.p. ITT) in 6-month-old female mice (0.5–
0.75 units/kg) (A) and male (0.75–1.25 units/kg) MOER and NOER mice (B) with their respective control (CTRL) littermates. Data correspond
to the mean 6 SEM (n = 4–19). Body weight of 6-month-old female (C) and male (E) NOER and MOER mice with their respective control
(CTRL) littermates. Adipose tissue weight in the indicated fat pads of 6-month-old female (D) and male (F ) NOER and MOER mice with their
respectiveCTRL littermates. Data correspond to themean6SEM (n = 6–24). AUC, area under the curve; iBAT, inguinal brown adipose tissue.
*P , 0.05, **P , 0.01, ***P , 0.001.
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Figure 4—Female MOER mice exhibit central insulin resistance. GIR (left panel) and corresponding area under the curve (AUC) (right panel)
calculated during a hyperinsulinemic-euglycemic clamp in female control (CTRL) and MOER mice (A) and female CTRL and NOER mice (D).
Glucose turnover (Rt, mg/kg/min) in CTRL and MOER (B) and CTRL and NOER (E) female mice. EndoRa (in mg/kg/min) in female CTRL and
MOER (C) and CTRL and NOER (F ) mice. Clamp was performed in 6-month-old mice (n = 5–6). G: Blood glucose and calculated AUC (inset)
during a PTT (i.p. PTT, 2 g/kg) in female CTRL and MOER mice (n = 4–6). H: Protein expression for pAkt (S473), pAkt (T308), and total Akt in
liver from female MOER mice at the end of the 2-h clamp were analyzed by Western blotting. Quantification by densitometry is shown in
adjacent bar graphs (n = 5–6). I: Hepatic IL-6 mRNA expression quantified by quantitative PCR in female mice at the end of the 2-h clamp (n =
5–6). J: Protein expression for pSTAT3 (Y701) and STAT3 in liver from femaleMOERmice at the end of the 2-h clampwere analyzed as inH.K:
Protein expression for pAkt (S473)/Akt in hippocampus from female CTRL andMOER at the end of 3 h of intracerebroventricular perfusion of
vehicle (VEH) or insulin (INS). Quantification by densitometry is shown in adjacent bar graphs (n = 2–3). Protein expression for pSTAT3/STAT3
(L) and pAkt (S473)/Akt and pAkt (T308)/Akt (M) in liver from female CTRL and MOER mice at the end of 3 h of intracerebroventricular
perfusion of vehicle or insulin analyzed as in L (n = 4–6). Data correspond to mean values6 SEM. *P, 0.05, **P, 0.01, ***P, 0.001, ****P,
0.0001.
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was unchanged compared with that of controls, suggesting
that insulin resistance is mediated via extrahepatic tissues
and/or other signaling pathways.

Loss of Nuclear ERa Alters the Central Control of
Insulin Sensitivity in Female Mice
Central insulin is known to suppress hepatic glucose pro-
duction (HGP) via the autonomic nervous system and
a liver IL-6-STAT3 axis (26,29). In liver isolated from
hyperinsulinemic clamped MOER mice, IL-6 mRNA ex-
pression was decreased compared with controls (Fig. 4I)
without changes in IL-6 serum concentrations (mean 6
SEM: controls 3.78 6 1.1 pg/mL; MOER mice 4.46 6 0.6
pg/mL). Additionally, STAT3 phosphorylation (Fig. 4J)
was also decreased compared with controls, together sug-
gesting a reduced ability of central insulin to lower HGP.

To assess the ability of brain insulin to activate the
hepatic IL-6-STAT3 pathway and suppress HGP in female
MOER mice, we performed intracerebroventricular insulin
injection. We used the hippocampus as a control, insulin-
sensitive brain region known to develop insulin resistance
under diabetic conditions (30). Accordingly, the injection
of insulin into the lateral ventricle increased hippocampal
Akt phosphorylation in control mice (Fig. 4K). However,
intracerebroventricular insulin perfusion produced no in-
crease in hippocampal Akt phosphorylation in female
MOER mice, which is consistent with central insulin re-
sistance (Fig. 4K). As described previously (29), intracer-
ebroventricular perfusion of insulin stimulated the hepatic
phosphorylation of STAT3, without canonical phosphory-
lation of Akt in control mice (Fig. 4L and M). However,
unlike in controls, the intracerebroventricular insulin per-
fusion did not stimulate hepatic STAT3 phosphorylation in
female MOER mice (Fig. 4L). Thus, female MOER mice
exhibit central insulin resistance associated with decreased
liver IL-6-STAT3 activation and increased HGP.

Loss of Nuclear ERa Alters the Central Control of
Insulin Secretion in Male Mice
Male MOER mice exhibited fasting and fed hyperglycemia
and glucose intolerance without alteration in insulin sen-
sitivity during ITT, suggesting that these mice might have
altered insulin secretion. We assessed GSIS in vivo after an
i.p. glucose challenge in male MOER mice. Although con-
trol mice exhibited a fourfold increase in first-phase insulin
release after glucose injection, the first-phase insulin re-
lease was blunted in male MOER mice (Fig. 5A), as ob-
served in male ERaKO mice (Supplementary Fig. 7). Male
MOER mice exhibited no alteration in b-cell mass (Fig. 5B)
or pancreas insulin content (Fig. 5C), suggesting a func-
tional defect of the b-cells in these mice. In contrast to the
decreased acute phase insulin secretion, plasma insulin
levels 30 min post–glucose injection (which represents the
second phase of insulin secretion) were increased in male
MOER mice (Fig. 5D). To determine whether the defect in
GSIS observed in male MOER mice was islet cell autono-
mous, we performed GSIS in static incubation from cultured

isolated islets from male MOER mice. Unlike what was
observed in vivo, GSIS and islet insulin content were
identical in cultured male MOER and control islets in the
presence or absence of E2 (Fig. 5E–H). This suggests that
the defect in acute-phase insulin release observed in MOER
mice results from an extraislet factor. Unlike males, female
MOER and NOER mice exhibited no defect in acute-phase
insulin release during GSIS and, accordingly, no defect in
b-cell mass and or pancreas insulin content (Fig. 5K–M and
Supplementary Fig. 8A–C). However, consistent with the
insulin resistance described above, plasma insulin levels
30 min post–glucose injections were increased in female
MOER and NOER mice (Fig. 5N and Supplementary Fig.
8D). Therefore, MOERmice exhibit a male-specific defect in
acute insulin release in vivo.

To search for an extraislet factor altering GSIS selec-
tively in male MOER, we first studied estrogen and an-
drogen concentrations (31). Female MOER mice exhibited
a fivefold increase in circulating E2 concentrations and
a 10-fold increase in circulating testosterone concentra-
tions compared with levels observed in littermate control
males (Table 1, Male CTRL). The testosterone/E2 ratio was
increased twofold in female MOER mice. Male MOER mice
did not show any differences in E2 levels but exhibited
a threefold increase in testosterone concentrations com-
pared with controls (Table 1). As a result, male MOERmice
exhibited a threefold increase in the testosterone/E2 ratio.
To assess the potential role of increased testosterone in the
altered in vivo GSIS of males, we treated male MOER mice
with the androgen receptor antagonist flutamide. Fluta-
mide was efficient in producing androgen resistance as
assessed by increased testosterone concentrations, but
produced no improvement in GSIS in male mice, ruling
out the role of excess testosterone (Supplementary Fig. 9).

The central nervous system modulates insulin secretion
in vivo, via a hypothalamo-pancreatic axis (32). To assess
the extent to which brain glucose sensing was altered in
maleMOERmice, we performed a gold standard experiment
to assess central GSIS by glucose injection in the carotid
artery (24,25). As previously reported, the carotid glucose
bolus did not affect peripheral glucose levels in control and
MOERmice (Fig. 5I). In male control mice, glucose injection
triggered an acute insulin secretion 1 min post–glucose
injection (Fig. 5J). In contrast, in male MOER mice, the
acute insulin secretion was blunted (Fig. 5J). Thus, the
nuclear ERa is necessary tomaintain GSIS inmalemice, and
this is at least partially dependent on brain-induced GSIS.

DISCUSSION

Loss of nuclear ERa differentially impairs glucose homeo-
stasis in male and female mice being fed a normal chow
diet. Although insulin resistance is predominant in female
mice, impaired GSIS is central in males.

Female MOER mice, lacking nuclear ERa, are hyper-
insulinemic and insulin resistant during the physiological
conditions of an insulin challenge. Under these conditions,
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Figure 5—Male MOER mice exhibit reduced first-phase insulin secretion in vivo. A: Plasma insulin (left panel) and calculated area under the
curve (AUC) (right panel) during an in vivo i.p. GSIS test (GSIS, 3 g/kg) in male control (CTRL) and MOERmice (n = 14–17). B: Representative
pictures of pancreatic islets stained for insulin (red) and calculated b-cell mass (mg, n = 6–7) in mice from A. Scale bar, 100 mm.C: Pancreatic
insulin content in male CTRL and MOER mice (n = 6). D: Plasma insulin levels 30 min after an i.p. injection of glucose (2 g/kg), showing the
second-phase insulin secretion in male CTRL and MOER mice (n = 6–16). In vitro GSIS in static incubation in cultured islets isolated from
MOER and CTRL male mice without E2 (E ) or with E2 (G) (1028 mol/L). F and H: Insulin content of islets from E and G (n = 8–19 islet batches
from three to seven different animals). Blood glucose (I) and plasma insulin (J) levels during a brain glucose-sensing test (25mg/kg glucose) in
male CTRL and MOER (n = 10–11, five independent experiments). K: Plasma insulin (left panel) and calculated AUC (right panel) during an
in vivoGSIS (3 g/kg) in female CTRL andMOERmice (n = 7–8). L: Representative pictures of female CTRL andMOERpancreatic islets stained
for insulin (red) and calculated b-cell mass (in mg; n = 4). Scale bar, 100 mm. M: Pancreatic insulin content in female CTRL and MOER mice
(n = 3–7). N: Plasma insulin levels 30 min after an i.p. injection of glucose (2 g/kg), showing the second phase of insulin secretion in female
CTRL and MOER mice (n = 7–18). Data were collected from 6- to 8-month-old mice and correspond to mean values 6 SEM. *P , 0.05,
**P , 0.01, ***P , 0.001.
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female NOER mice, lacking membrane ERa, are only
slightly hyperinsulinemic. However, both MOER and, to
a lesser extent, NOER mice show systemic insulin resistance
during the steady-state conditions of a hyperinsulinemic-
euglycemic clamp. Thus, both NOER and MOER are in-
volved in insulin sensitivity in female mice, with the nuclear
pool of ERa playing a predominant role.

Female mice with global (6,33) or liver-specific knock-
out of ERa (LERKO) (5,34) exhibit a decline in the ability of
insulin to suppress HGP during hyperinsulinemic-euglycemic
clamp studies, suggesting that ERa in hepatocytes is im-
portant to whole-body and liver insulin sensitivity in female
mice. Additionally, conditional elimination of ERa in skel-
etal muscle promotes systemic insulin resistance and sec-
ondary failure of insulin to suppress HGP in femalemice (7).

Female MOER mice exhibit hepatic insulin resistance
(increased EndoRa and hepatic gluconeogenesis) with-
out detectable abnormality in muscle insulin action as
assessed by whole-body Gt (and insulin stimulation of
Akt phosphorylation in muscle). Thus, the primary site of
systemic insulin resistance in female MOER mice seems to
be the liver. Loss of hepatocyte NOER (5,34) or increased
testosterone action in hepatocytes (35) could promote
liver insulin resistance in female MOER mice. However,
unlike female LERKO mice or female mice with excess
testosterone fed a high-fat diet, when fed a normal chow
diet female MOER mice do not exhibit insulin failure to
promote Akt phosphorylation. Thus, the defect leading to
unsuppressed HGP in female MOER mice seems to orig-
inate outside the liver.

Table 1—Metabolic parameters in control and MOER mice

LH (ng/mL) E2 (pg/mL) Testosterone (ng/mL) Testosterone/E2 ratio (pg/mL)

Female CTRL 2.5 6 0.5 4.2 6 0.4 0.2 6 0.03 44.5 6 6.8

Female MOER 1.2 6 0.2 22.6 6 5.5* 1.9 6 0.5** 84.7 6 17.1

Male CTRL 7.4 6 2.1 4.5 6 0.2 1.3 6 0.2 261.0 6 40.2

Male MOER 4.6 6 1.5 3.9 6 0.2 3.5 6 1.0** 892.0 6 257.1**

Serum luteinizing hormone (LH), E2, testosterone, and testosterone/E2 ratio were measured in 6-month-old MOER and control (CTRL)
mice. Data correspond to the mean 6 SEM (n = 4–6). *P , 0.05; **P , 0.01.

Figure 6—Sex differences in NOER and MOER effects on glucose homeostasis. In female mice, NOER signaling in the brain promotes the
suppression of HGP via a brain-liver IL-6-STAT3 axis. MOERalso participates in control of HGP. Inmalemice, NOER action in the brain favors
glucose-stimulated first-phase insulin secretion.
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Hypothalamic insulin action suppresses HGP in mice
(36). Central insulin blunts parasympathetic output to
Kupffer cells, increasing their production of IL-6 leading
to the activation of STAT3 in nearby hepatocytes, which
downregulates gluconeogenic genes (26,29). Female
MOER mice exhibit central insulin resistance with the
failure of central insulin infusion to activate Akt in the
hippocampus. Further, female MOER mice exhibit de-
creased hepatic IL-6-STAT3 activation during hyperinsu-
linemic clamp and central insulin infusion. Taken together,
these results suggest that global nuclear ERa deficiency
impairs central insulin action and the activation of the
hepatic IL-6-STAT3 pathway, leading to inappropriate
suppression of HGP. Inhibitory insulin action in Agouti-
related protein (AgRP) neurons of the arcuate nucleus of
the hypothalamus (ARC) is required to suppress HGP via
the brain-liver IL-6 pathway (36,37). However, ERa is not
expressed in mouse AgRP neurons (38). Rather, ERa is
expressed in proopiomelanocortin (POMC) neurons, and
female mice lacking ERa specifically in POMC neurons
exhibit insulin resistance when fed a chow diet, like female
MOER mice (39). Moreover, E2 enhances insulin action
in POMC neurons by stimulating their neuronal excit-
ability and the coupling of insulin receptors to TRPC5
channels via transcriptional mechanisms (40). There-
fore, in female mice, the loss of ERa transcriptional
activity in POMC neurons is likely to decrease neuronal
excitability and the inhibition of AgRP neurons, which
could increase HGP.

Global loss of NOER in female MOER mice promotes
central insulin resistance, leading to unsuppressed HGP. In
contrast, hepatocyte-specific knockout of ERa in LERKO
mice promotes peripheral insulin resistance via impair-
ment of Akt in hepatocytes. One explanation for this
apparent discrepancy is likely related to differences in
diets and models. Female MOER mice were fed nor-
mal chow, and in these conditions the neuronal ERa
seems predominant in suppressing HGP in mice (via
liver IL-6-STAT3 and without activation of hepatocytes
Akt). In contrast, female mice LERKO were fed a high-
fat diet. Given the importance of hepatocyte ERa in
limiting liver fat accumulation, during high-fat feed-
ing insulin resistance in hepatocytes via Akt (5,34) is
predominant.

Male MOER mice, lacking nuclear ERa, exhibit mild
fasting hyperinsulinemia but no detectable insulin resis-
tance. Male NOER mice, lacking membrane ERa, have
no detectable abnormalities of glucose homeostasis. Male
MOER mice exhibit blunted first-phase insulin release in
response to glucose in vivo. The first-phase insulin release
is central to glucose homeostasis in mice (41,42), and
impaired first-phase GSIS with exaggerated second-phase
GSIS is a hallmark of the early stages of type 2 diabetes
(43). Therefore, loss of NOER in male mice produces
a defect that is typical of human type 2 diabetes. The
GSIS defect of male MOERmice is not observed in cultured
islets, demonstrating that it is independent from the loss

of NOER in b-cells and secondary to the loss of ERa in
extraislet tissues, indirectly impairing islet function pos-
sibly via a neural factor. To assess the role of nuclear ERa
in b-cell function via the hypothalamo-pancreatic axis, we
studied acute insulin release in response to the central
injection of glucose. We observed that brain glucose sens-
ing was impaired in male MOER mice with a blunted acute
insulin response to a bolus of glucose directed toward the
brain, suggesting that the response to central glucose and
the neural control of insulin secretion are impaired by the
loss of NOER in male mice. Efferent circuits that emanate
from the hypothalamus innervate pancreatic islets, and
glucose sensing in the ARC is important to GSIS in male
mice (32). Therefore, loss of NOER transcriptional activity
in ARC neurons may impair parasympathetic outflow to
the islets.

In summary, the global lack of NOER and, to a lesser
extent, MOER alter the central control of HGP in female
mice (Fig. 6). In male mice, THE lack of NOER predom-
inantly impairs the central regulation of insulin secretion
(Fig. 6). Further studies are needed to identify the neuronal
population mediating these sexually dimorphic effects of
ERa on glucose homeostasis.
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