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In vivo stimulation of oestrogen receptor « increases
insulin-stimulated skeletal muscle glucose uptake

Brittany K. Gorres, Gregory L. Bomhoff, Jill K. Morris and Paige C. Geiger

Department of Molecular and Integrative Physiology, University of Kansas Medical Center, MS 3043, 3901 Rainbow Boulevard,
Kansas City, KS 66160, USA

Non-technical summary Previous studies show that oestrogen is beneficial for maintaining
blood glucose levels and helping the body respond to insulin. Despite these previous findings, the
mechanism by which oestrogen acts is unknown. We show that specific activation of oestrogen
receptor o (ERw) increases glucose uptake into skeletal muscle when insulin is present. Activation
of oestrogen receptor B (ERp) alone or activation of both ER« and ERB together did not increase
glucose uptake into skeletal muscle. This suggests that oestrogen’s beneficial effect occurs by
activating ERa. These results have important implications for understanding the mechanisms of
glucose homeostasis, particularly in postmenopausal women with low oestrogen levels.

Abstract Previous studies suggest oestrogen receptor & (ER«) is involved in oestrogen-mediated
regulation of glucose metabolism and is critical for maintenance of whole body insulin action.
Despite this, the effect of direct ERe modulation in insulin-responsive tissues is unknown.
The purpose of the current study was to determine the impact of ERa activation, using
the ER subtype-selective ligand propylpyrazoletriyl (PPT), on skeletal muscle glucose uptake.
Two-month-old female Sprague-Dawley rats, ovariectomized for 1 week, were given sub-
cutaneous injections of PPT (10 mg kg™!), oestradiol benzoate (EB; 20 ugkg™"'), the ERB agonist
diarylpropionitrile (DPN, 10 mgkg™') or vehicle every 24 h for 3 days. On the fourth day,
insulin-stimulated skeletal muscle glucose uptake was measured in vitro and insulin signalling
intermediates were assessed via Western blotting. Activation of ERa with PPT resulted in increased
insulin-stimulated glucose uptake into the slow-twitch soleus and fast-twitch extensor digitorum
longus (EDL) muscles, activation of insulin signalling intermediates (as measured by phospho-Akt
(pAkt) and pAkt substrate (PAS)) and phosphorylation of AMP-activated protein kinase (AMPK).
GLUT4 protein was increased only in the EDL muscle. Rats treated with EB or DPN for 3 days
did not show an increase in insulin-stimulated skeletal muscle glucose uptake compared to
vehicle-treated animals. These new findings reveal that direct activation of ER positively mediates
glucose uptake and insulin action in skeletal muscle. Evidence that oestrogens and ER« stimulate
glucose uptake has important implications for understanding mechanisms of glucose homeo-
stasis, particularly in postmenopausal women.
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Introduction

Numerous clinical and basic studies demonstrate that
oestrogens contribute to glucose homeostasis (Louet et al.
2004). The beneficial effects of oestrogens on insulin
action and glucose homeostasis are supported by studies
showing insulin sensitivity is higher in premenopausal
women compared with age-matched men (Nuutila et al.
1995; Donahue et al. 1997). Following menopause, a
significant decline in insulin sensitivity occurs along with
a corresponding increase in fat mass (Lindheim et al.
1994; Carr 2003; Alonso et al. 2006; Moreno et al. 2010).
Ovariectomy has also been shown to impair insulin
sensitivity and glucose metabolism in animal models
(Kumagai et al. 1993; Wagner et al. 1998). In addition,
oestrogen replacement can ameliorate the increased risk
for type 2 diabetes in postmenopausal women and
improve whole body (Lindheim et al. 1994; Margolis et al.
2004; Alonso et al. 2006; Riant et al. 2009; Moreno et al.
2010) and skeletal muscle glucose metabolism (Riant et al.
2009; Moreno et al. 2010).

The physiological actions of oestrogens are mediated by
two receptors, oestrogen receptor (ER) « and ERB. Both
ER« and ERB are expressed in a variety of tissues, with ER«
more highly expressed in insulin-sensitive tissue (Ribas
et al. 2009). Increased adiposity occurs in humans and
mice as a result of decreased ER« activation (Smith et al.
1994; Heine et al. 2000), and mice with global knockout
of ERw exhibit impaired glucose tolerance and skeletal
muscle insulin resistance (Heine et al. 2000; Bryzgalova
et al. 2006; Riant et al. 2009). Based on this evidence, the
beneficial effects of oestrogens on glucose metabolism are
thought to be mediated by ERx. However, while there
is strong clinical evidence demonstrating a relationship
between ERa expression levels and the incidence of insulin
resistance and increased adiposity, the ability of ERe to
positivity mediate insulin action and increase glucose
uptake in vivo is unknown.

The purpose of the current study was to determine the
impact of in vivo ERx activation on skeletal muscle glucose
uptake and insulin action. Skeletal muscle accounts for
75% of glucose regulation in the body (DeFronzo et al.
1985) and, as a result, has a significant impact on
whole body glucose homeostasis. In the current study,
we utilized oestradiol benzoate (EB) and the compound
propylpyrazoletriyl (PPT), a potent ER« agonist. PPT is
capable of binding with high affinity and 400-fold pre-
ference to ERa, and exhibits almost no binding to ERS
(Stauffer et al. 2000). For comparison, the ERS agonist
diarylpropionitrile (DPN), which binds to ERB ata 70-fold
higher affinity than ER« (Meyers etal. 2001), was also used.
Our results demonstrate that activation of ERe with PPT
increases insulin-stimulated glucose uptake and insulin
signalling in skeletal muscle. These findings provide new
insight into the role of oestrogen receptors in mediating

B. K. Gorres and others

J Physiol 589.8

glucose uptake, a finding with important implications
for postmenopausal women at increased risk for type 2
diabetes.

Methods
Ethical approval

The authors have read ‘Reporting ethical matters in The
Journal of Physiology: standards and advice’ (Drummond,
2009), and our experiments comply with the policies
and regulations of The Journal of Physiology and the UK
regulations on animal experimentation. All protocols were
approved by the Animal Care and Use Committee of the
University of Kansas Medical Center.

Materials

GLUT4 antibody (ab654) and tubulin (ab7291) were
purchased from Abcam (Cambridge, MA, USA). pAkt
(5473), total Akt, phospho-(ser-thr) Akt substrate (pAS),
pERa (S118), pAMPK (T172), and total AMPK were
purchased from Cell Signalling (Beverly, MA, USA).
PAS-160 (T642) and total AS160 were purchased from
Millipore (Billerica, MA, USA). ERa (MC-20) was
purchased from Santa Cruz (Santa Cruz, CA, USA)
and ERB (PA1-310B) was purchased from Thermo
Fisher Scientific (Rockford, IL, USA). Donkey anti-rabbit
HRP-conjugated secondary antibody was purchased
from Jackson (West Grove, PA, USA) and goat
anti-mouse HRP-conjugated secondary antibody was
purchased from Bio-Rad (Hercules, CA, USA). Enhanced
chemiluminescence reagents were purchased from Fisher
Scientific (Pittsburg, PA, USA). ["*C]mannitol and
2-deoxy-[1,2-’H]glucose were purchased from American
Radiolabeled Chemicals (St Louis, MO, USA). Oestradiol
benzoate (E9000; EB) was purchased from Sigma.
Propylpyrazoletriyl (PPT) and diarylpropionitrile (DPN)
were purchased from Tocris Bioscience (Ellisville, MO,
USA). All other reagents were obtained from Sigma.

Experimental animals and treatment

Two-month-old female Sprague-Dawley rats were
purchased from Charles River Laboratories (Wilmington,
MA, USA) and housed in a temperature-controlled
(22 £ 2°C) room with 12 h light and dark cycles and given
free access to food and water. Animals underwent bilateral
ovariectomy (OVX) under ketamine—atropine—xylazine
anaesthesia (intraperitoneal injection of 60 mg (kg body
wt)~! ketamine, 0.4 mg (kg body wt)~! atropine and
8 mg (kg body wt)~! xylazine). Bilateral flank incisions
were made under aseptic conditions. The ovaries were
identified and bilaterally removed via cauterization. In a
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subset of six animals, incisions were made but the ovaries
were left intact for evaluation of endogenous oestradiol
levels at killing. Wounds were closed using sutures and
wound clips. One week following surgery, OVX animals
received subcutaneous injections once every 24 h for 3 days
(N = 6 animals per group) of EB (20 ug (kg body wt)™!)
dissolved in 90% corn 0il-10% ethanol, PPT (10 mg (kg
body wt)™!) dissolved in DMSO, or DPN (10 mg (kg
body wt)~!) dissolved in DMSO. This dose of PPT and
DPN has previously been used in in vivo rodent studies
(Harris et al. 2002; Lee et al. 2005). The dose of EB
was chosen to produce physiological levels of serum
oestradiol (Hurn & Macrae, 2000; Haim et al. 2003). EB is
commonly used in research studies and is a conjugate-salt
form of 17B-oestradiol. Like all conjugate molecules,
the benzoate moiety dissociates from the 178-oestradiol
moiety when dissolved in solution. Thus, the solution of
EB injected into the animals contains free 17-oestradiol
which binds to the ERs. Vehicle treatments were 90% corn
0il-10% ethanol or DMSO, as appropriate. No differences
in uterine weight or glucose uptake were observed
between the two vehicle treatments, and therefore these
measurements were combined in the results. Rats were
fasted 10h prior to muscle incubation and glucose
transport experiments. Twenty-four hours following the
final injection, the animals were anaesthetized with
an intraperitoneal injection of pentobarbital sodium
(2.5mg (100 g body wt)~!) for removal of the soleus and
extensor digitorum longus (EDL) muscles. The uterus was
also removed and weighed. Rats were killed by cervical
dislocation.

Muscle incubation

The soleus and EDL muscles were dissected and each
split longitudinally into two strips to allow for adequate
diffusion of substrates, as described previously (Henriksen
& Holloszy, 1991; Gupte et al. 2008). Two muscle strips per
rat were assessed for glucose transport and two strips for
Western blot analysis. Muscle strips designated for Western
blot analysis recovered from the dissection for 60 min
in flasks containing 2 ml of Krebs—Henseleit bicarbonate
buffer (KHB) with 8 mm glucose, 32 mM mannitol, and a
gas phase of 95% 0,-5% CO, (recovery medium). The
flasks were placed in a shaking incubator maintained at
35°C. Following recovery, one muscle strip was transferred
to recovery medium containing 2 mU ml™! insulin, and
the other muscle strip was left without insulin (basal) in
recovery medium for 30 min and then clamp frozen in
liquid nitrogen.

Measurement of glucose transport activity

Glucose transport was measured in soleus and EDL
muscle strips. Muscle strips were incubated after dissection
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in recovery medium for 60min at 35°C and then
rinsed for 30 min at 29°C in 2ml of oxygenated KHB
containing 40 mM mannitol, with or without insulin
(2mU ml™!). After the rinse step, muscles were incubated
for 20 min at 29°C in flasks containing 2 ml KHB with
4 mm 2-[1,2-*H]deoxyglucose (2-DG) (1.5 uCiml™!) and
36 mM ["“C]mannitol (0.2 uCiml™!), with or without
insulin (2mU ml™!), with a gas phase of 95% 0,-5%
CO; in a shaking incubator. The muscles were then lightly
blotted, clamp frozen in liquid nitrogen, and processed as
described previously (Young et al. 1986; Geiger et al. 2006)
for determination of intracellular 2-DG accumulation (*°H
dpm) and extracellular space (**C dpm) on a scintillation
counter.

Serum oestradiol measurement

Blood samples were collected at time of killing and allowed
to clot atroom temperature for 30 min. Samples were spun
at 17,500 g for 20 min at 4°C. Serum oestradiol levels were
measured by Estradiol E2 Coat-a-Count Assay (Siemens
Diagnostics, TKE21).

Western blotting

Muscles incubated with and without insulin and clamp
frozen in liquid nitrogen were homogenized in a
12:1 (volume-to-weight) ratio of ice-cold buffer from
Biosource (Invitrogen, Camarillo, CA, USA) containing
10 mMm Tris-HCI (pH 7.4); 100 mMm NaCl; 1 mM each of
EDTA, EGTA, NaF and phenylmethylsulfonyl fluoride;
2mM NazVO,; 20 mMm NayP,07; 1% Triton X-100; 10%
glycerol; 0.1% SDS; 0.5% deoxycholate; and 250 ul/5 ml
protease inhibitor cocktail. Homogenized samples were
rotated for 30 min at 4°C and then centrifuged for 20 min
at 3000 rpm at 4°C. The protein concentration of the
supernatant was determined by the Bradford method
(Bio-Rad). Samples were prepared in 5x Laemmli buffer
containing 100 mM dithiothreitol and boiled in a water
bath for 5min. Samples analysed for GLUT4 protein
were not boiled. Protein (30-100 pg) was separated on
a SDS-PAGE (7.5-10%) gel followed by a wet transfer
to a nitrocellulose membrane for 60—-90 min (200 mA).
Total protein was visualized by Ponceau staining, and
GLUT4 blots were normalized to the 45kDa band.
Membranes were blocked for 1h at room temperature
in 5% non-fat dried milk in Tris-buffered saline with
0.1% Tween 20 (TBST) and then incubated overnight
with the appropriate primary antibodies. Antibodies were
diluted in 5% non-fat dried milk in TBST or in 1%
bovine serum albumin in TBST. Blots were incubated in a
HRP-conjugated secondary antibody in 1% non-fat dried
milk in TBST for 1 h at room temperature and visualized
by Enhanced chemiluminescence (ECL). Western blots
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first probed for phosphorylated proteins were stripped and
probed for total protein expression for normalization, and
non-phosphorylated proteins were stripped and probed
for tubulin expression for normalization. Blots were
stripped for 20 min at 55°C in buffer containing 62.5 mm
Tris-HCI, 2% SDS and 100 mM 2-mercaptoethanol. Blots
were then rinsed three times in TBST for 15 min each,
blocked in 5% milk in TBST for 1h, and incubated in
the appropriate primary antibody overnight. The GLUT4
antibody only works with non-denatured protein, and
the tubulin antibody requires denaturation. Therefore,
Western blots that were run with non-denatured samples
and probed for GLUT4 were not able to be stripped
and re-probed for tubulin for normalization. Therefore,
Ponceau staining, which does not require denaturing, was
used for normalizing as previously described (Gupte et al.
2008). We identified the 56 kDa ERf protein by using the
rat hypothalamus as a positive control (Fig. 1). This tissue
has previously been used as a positive control (Kalbe et al.
2007). Bands were quantified using Image ] densitometry.

Statistical analysis

Results are presented as means+ SE, and statistical
significance was set at P <0.05. Symbols on the
uterine weight, pERe, total ERe, pAMPK and GLUT4
graphs represent differences determined by one-way
ANOVA. Symbols on the glucose transport, pAkt
and PAS160 graphs represent differences determined
by a Student-Newman—Keuls post hoc test following
a significant interaction as determined by two-way
ANOVA.

Results
In vivo effects of oestrogen and PPT treatment

In order to control for endogenous oestrogen levels, all
animals underwent OVX for 1week. At killing, serum

56 kDa -

Figure 1. ERp protein identified by the hypothalamus

Female Sprague-Dawley rat hypothalamus and soleus muscles were
homogenized and total protein was measured as stated in the
Methods. ERB protein was measured by Western blot analysis. Lane
1 represents the hypothalamus (3 g protein) and lanes 2-9
represent soleus muscle samples (100 ug protein).
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oestadiol levels were significantly decreased as a result
of OVX (11.9+1.8pgml™" vs. 6.8+ 0.4pgml~' for
intact and OVX animals, respectively; P < 0.01). Serum
oestradiol levels were significantly greater in EB-treated
animals (14.5 £ 2.0 pg ml™") compared to vehicle-treated
animals (6.8 + 0.4 pgml~'; P < 0.001). Oestradiol levels
for EB-treated animals were within physiological values
for cycling rodents (Hurn & Macrae, 2000; Haim et al.
2003).

Administration of oestrogen and PPT has been shown to
increase uterine weight by activation of ER« (Harris et al.
2002; Frasor et al. 2003; Stygar et al. 2007). In this manner,
uterine weight can serve as a bioassay for the in vivo effects
of oestrogen and PPT. In OVX female rats, administration
of EB or PPT for 3 days resulted in a significant and similar
increase in uterine weight compared to vehicle-treated
controls (Fig. 2), which suggests that ER« is being activated
to the same extent in the uterus. Consistent with previous
findings (Harris et al. 2002; Frasor et al. 2003), a higher
dose of PPT than EB was needed to increase uterine weight.
In contrast, administration of the ERS agonist DPN for
3 days had no effect on uterine weight (Fig. 2) as previously
shown (Frasor et al. 2003).

Prior to treatment with EB, PPT or DPN, body weight
was not different among groups. After treatment, body
weight did not change in animals treated with EB (vehicle
179.2+3.2g vs. EB 172.2+£2.8¢g) or DPN (vehicle
184.8 £3.6g vs. DPN 181.5+2.9¢g) but decreased in
animals treated with PPT (vehicle 183.3+2.0¢g vs. PPT
169.3 + 1.8 g; P < 0.001).

7.07
6.0
5.0
4.0

3.01

Uterine Weight/Body Weight (ma/g)

0.0-

Vehicle EB FPT DPFN

Figure 2. Administration of EB and PPT activates ER« as
indicated by an increase in uterine weight

Female Sprague-Dawley rats were given subcutaneous injections of
EB (20 ug kg~"), PPT (10 mg kg~"), DPN (10 mg kg~") or vehicle for
3 days. Uterine weight was measured at time of killing. Symbol
represents differences determined by one-way ANOVA. *P < 0.001
vs. vehicle; N = 6 per group.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.8

PPT increases insulin-stimulated glucose transport
in soleus and EDL muscle

To determine the impact of ERe stimulation on skeletal
muscle glucose uptake, we performed in vitro 2-DG uptake
assays on the predominately slow-twitch soleus or the
predominately fast-twitch EDL muscles following EB,
PPT or DPN administration. Insulin-stimulated glucose
uptake was significantly increased above basal in all
treatment groups in both the soleus and EDL muscles
(Fig. 3A and B, respectively). Three day treatment with
EB did not augment insulin-stimulated glucose uptake
compared to that observed with vehicle alone. However,
specifically activating ERa with PPT resulted in a greater
increase in insulin-stimulated glucose transport in both
the soleus and EDL muscles compared to vehicle-treated
controls. This observed increase in the soleus and EDL
muscles was 108% and 55%, respectively, greater than
insulin-stimulated glucose transport in rats treated with
vehicle. Treatment with the ERS agonist DPN had no effect
on insulin-stimulated skeletal muscle glucose uptake.

PPT activates ER« in skeletal muscle

Given the significant effect of PPT on skeletal
muscle glucose uptake, we next investigated the cell
signalling pathways altered by PPT in skeletal muscle.
Phosphorylation of ER¢, a measure of protein activation
(Weigel, 1996; Joel et al. 1998), significantly increased in
soleus and EDL muscles (Fig.4C and D, respectively)
following 3days of PPT administration compared
to vehicle-treated controls. Total ERa also decreased
following PPT treatment (Fig. 4C and D). No change in
ERp occurred in soleus or EDL muscles as a result of PPT
treatment (Fig. 4C and D), highlighting the specificity of
PPT for ER« in skeletal muscle.

PPT increases insulin-stimulated phosphorylation
of Akt and AMPK in soleus and EDL muscle

Akt is a protein kinase in the insulin—insulin receptor
substrate-1 (IRS-1)-phosphoinositide 3-kinase (PI3K)
signalling cascade, and activation of this protein is crucial
for insulin-stimulated glucose transport. Our results
demonstrate that activation of Akt in response to insulin
stimulation, as measured by phosphorylation of Akt on
serine 473, was increased in the soleus and EDL muscles
from rats treated with PPT (Fig.5A and B) with a
significantly greater increase in PPT-treated rats compared
to vehicle. An additional pathway for signalling GLUT4
translocation to the membrane and increasing glucose
transport, independent of insulin, is by phosphorylation
of AMP-activated protein kinase (AMPK). PPT treatment
resulted in increased phosphorylation of AMPK in both
the soleus and EDL muscles (Fig. 5C and D, respectively).
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PPT increases insulin-stimulated phosphorylation
of PAS160 in soleus and EDL muscle

Activation of Akt and AMPK results in downstream
activation of Akt substrates with a molecular mass of
160 kDa, including AS160. Detection of activated Akt sub-
strates can collectively be identified by a phospho-Akt
substrate (pAS) antibody. Activation of Akt substrates
with a molecular mass of 160 kDa (PAS-160) in response
to insulin stimulation was increased in the soleus and
EDL muscles from rats treated with PPT (Fig.6A and
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Figure 3. Skeletal muscle glucose transport in female rats
treated with vehicle, EB, PPT and DPN

Female Sprague-Dawley rats were give subcutaneous injections of
EB (20 ug kg="), PPT (10 mg kg="), DPN (10 mg kg—") or vehicle for
3 days. Insulin-stimulated glucose transport was measured in soleus
(A) and EDL (B) muscles as described in the Methods. Briefly, muscles
were incubated in the absence of insulin (open bars) or in the
presence of insulin (2 mU ml~", filled bars), along with
2-[1,2-3H]deoxyglucose. *P < 0.001 and }P < 0.05 vs.
insulin-stimulated vehicle indicates a significant interaction as
determined by two-way ANOVA. The horizontal line indicates a
significant main effect of insulin relative to basal across all treatment
groups, #P < 0.05; N = 6 per group.
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B). In addition, insulin-stimulated activation of PAS-160
was significantly greater with PPT compared to vehicle
alone. We measured specific activation of AS160 by
phosphorylation of threonine 642 and found no additional
increase in insulin-stimulated activation in the soleus and
EDL muscles from rats treated with PPT compared to rats
treated with vehicle (Fig. 6C and D).

PPT increases GLUT4 protein in the EDL muscle

Insulin and AMPK both signal translocation of GLUT4
to the cell membrane where GLUT4 then transports
glucose into the cell. Rats treated with PPT demonstrated
increased GLUT4 protein levels in EDL muscles (Fig. 7B).
In contrast, GLUT4 protein was unaltered in response to
PPT in soleus muscles (Fig. 7A). GLUT4 levels were not
altered as a result of EB or DPN treatment (Fig. 7C-F).

Discussion

The purpose of the current study was to determine
the effect of direct ERe modulation on skeletal muscle
glucose uptake. While studies utilizing ERe-deficient mice
demonstrate impaired glucose tolerance in the absence
of ERe (Heine et al. 2000; Bryzgalova et al. 2006;
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Figure 4. PPT activates ER« in skeletal muscle
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Riant et al. 2009), in vivo activation of ER« in control
female rodents had not previously been tested. Three day
treatment with PPT, a specific agonist of ERe, resulted in
increased glucose uptake and activation of Akt, PAS-160
and AMPK in both soleus and EDL muscles. In addition,
activation of ERa resulted in increased GLUT4 protein
in the EDL muscle. This new evidence of the ability
of short-term modulation of ERx to increase glucose
uptake has important implications for understanding
the regulation of glucose uptake, particularly in post-
menopausal women.

In a previous study by Ribas et al. (2009), ER«
knockout mice demonstrated impaired glucose tolerance
and reduced insulin sensitivity in liver and skeletal
muscle while on a normal chow diet. The decrease in
glucose disposal rate in the knockout mice was attributed
primarily to impaired insulin action in skeletal muscle.
This is in contrast to a study by Bryzgalova et al
(2006) that attributed deceased glucose tolerance in ER«
knockout mice primarily to the liver. Our current findings
demonstrating a dramatic increase in insulin-stimulated
skeletal muscle glucose uptake in control animals treated
with the ERw agonist PPT support the idea that ER« plays
an important role in skeletal muscle insulin sensitivity.
Using ER subtype-specific ligands is an alternative and
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Female Sprague-Dawley rats were given subcutaneous injections of PPT (10 mg kg~") or vehicle for 3 days.
Western blot analysis measured phosphorylation of ERa normalized to total ERe, and total ERe and total ERB
normalized to tubulin in the soleus (C) and EDL (D) for vehicle (open bars) and PPT-treated (filled bars) animals.
Representative blots are shown for the soleus (A) and EDL (B). *P < 0.05 and P < 0.01 vs. vehicle as determined

by one-way ANOVA; N = 6 per group.
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complementary approach to using knockout animals.
It is encouraging that both methods demonstrate an
important role for ERo in mediating skeletal muscle
insulin sensitivity.

To our knowledge, only one previous study has looked
at the effect of PPT on glucose uptake in skeletal muscle.
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In this study, ob/ob mice were treated with PPT for
7 days prior to measurement of insulin-stimulated glucose
uptake (Lundholm et al. 2008). In contrast with the current
study, there was no increase in soleus or EDL muscle
glucose uptake in ob/ob mice treated with PPT. This
difference can most likely be attributed to the lower dose

B EDL

pAkt w— 50 kDa

Akt | S— e ® 50 kDa
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Figure 5. In vivo activation of ERx via PPT increases insulin-stimulated phosphorylation of Akt and

AMPK in the soleus and EDL

Female Sprague-Dawley rats were treated with PPT as stated in the Methods. Activation of Akt was measured by
Western blot analysis of pAkt normalized to Akt in the absence of insulin (open bars) or in the presence of insulin
(2 mU mi=", filled bars) in the soleus (A) and EDL (B). *P < 0.01, 1P < 0.001 on A and B vs. insulin-stimulated
vehicle indicates a significant interaction as determined by two-way ANOVA. The horizontal lines indicate a
significant main effect of insulin relative to basal, #P < 0.05. Activation of AMPK was measured by Western
blot analysis of pAMPK normalized to total AMPK in the soleus (C) and EDL (D). Symbols on C and D represent
differences determined by one-way ANOVA. *P < 0.01, 1P < 0.05 vs. vehicle; N = 6 per group.
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of PPT used in the previous study (1mg (kg body wt)~! vs.  current study. Additional experiments will be needed to
10 mg (kgbody wt)~!). Further, the use of hyperglycaemic ~ determine the ability of a higher dose of PPT to improve
and hyperinsulinaemic ob/ob mice in the previous studyis  insulin sensitivity in insulin-resistant or type 2 diabetes
markedly different from the control OVX rats used in the ~ animal models.
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Figure 6. In vivo activation of ER« via PPT increases insulin-stimulated phosphorylation of PAS-160 in
the soleus and EDL

Female Sprague-Dawley rats were treated with PPT as stated in the Methods. Downstream activation of Akt and
AMPK was measured by Western blot analysis of PAS-160 normalized to tubulin (A and B) and PAS-160 normalized
to total AS160 (C and D) in the absence of insulin (open bars) or in the presence of insulin (2 mU mi~!, filled
bars) in the soleus (A and C) and EDL (B and D). *P < 0.05 vs. insulin-stimulated vehicle indicates a significant
interaction as determined by two-way ANOVA. The horizontal lines indicate a significant effect of insulin relative
to basal, #P < 0.05; N = 6 per group.
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Figure 7. In vivo activation of ER« via PPT increases GLUT4 protein in the EDL muscle

Female Sprague-Dawley rats were treated with PPT, EB or DPN as stated in the Methods. GLUT4 was measured
by Western blot analysis and normalized to total protein as measured by Ponceau staining in animals treated with
PPT (A and B), EB (C and D) and DPN (£ and F). Symbol represents differences determined by one-way ANOVA.
*P < 0.05 vs. vehicle; N = 6 per group.
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Oestrogen and PPT have been shown to potentiate
the insulin signalling pathway and increase glucose trans-
port in adipocytes in culture (Muraki et al. 2006; Nagira
et al. 2006), and oestrogen has been shown to increase
phosphorylation of Akt (Vasconsuelo et al. 2008) and
AMPK (D’Eon et al. 2008) in C2C12 muscle cells. In
the first study to test the effects of oestrogen on skeletal
muscle in vitro, acute incubations (5 and 10 min) with
oestrogen increased phosphorylation of Akt, AMPK and
TBC1D1/4 in soleus muscle (Rogers et al. 2009). However,
incubation in oestrogen for 10min did not increase
insulin-stimulated glucose transport. Our findings show
that 3 days of oestrogen treatment in vivo also had no
effect on insulin-stimulated glucose uptake in soleus or
EDL muscles. These findings are the first to show that
both in isolated rodent skeletal muscle and following in
vivo administration, acute oestrogen treatment did not
produce a measurable increase in skeletal muscle glucose
uptake. This may be due to the specific expression pattern
and activation of ERs in skeletal muscle.

Previous studies indicate that oestrogens and oestrogen
receptor modulators will produce a distinct phenotype
in cells that express predominately ERa compared to
those expressing predominantly ERB (Kian Tee et al.
2004). A number of studies suggest that ERa is more
highly expressed in insulin-sensitive tissues (Deroo &
Korach, 2006; Heldring et al. 2007), and this expression
pattern was also recently demonstrated in mouse skeletal
muscle (Ribas et al. 2009; Baltgalvis et al. (2010).
In contrast, Barros et al. (2009) suggest that ERf
expression predominates in skeletal muscle, although
these investigators primarily focused on nuclear ER
expression and the results were not quantified. ERe and
ERpBare known to demonstrate a complex inter-regulatory
relationship that varies with the target tissue. For example,
activation of ERB can oppose the action of ER«x and act
as a negative regulator in glucose metabolism (Matthews
& Gustafsson, 2003; Barros et al. 2006a,b). As oestrogen
activates both ERs, the lack of an effect of oestrogen
on skeletal muscle glucose uptake in the present study
could be due to ERB activation off-setting any stimulation
of ERx via oestrogen. As DPN administration did not
decrease insulin-stimulated glucose uptake in the present
study, stimulation of both ERe and ERpB by oestrogen
could prevent direct activation of ERe due to the unique
active conformation formed between oestrogen and these
two receptors. In addition to the inter-regulatory actions
of the ERs on each other, oestrogen and oestrogen
receptor modulators exert distinct tissue-specific effects by
recruiting different co-regulatory proteins to ERs (Shang
& Brown, 2002; Kian Tee et al. 2004). This difference
in co-regulatory protein recruitment can result in a
modulator having agonist or antagonist properties. The
specific co-regulatory proteins involved in ERa activation
by PPT and oestrogen in skeletal muscle have yet to be
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identified. Previous studies have shown that long-term
oestrogen treatment can improve whole body and skeletal
muscle glucose metabolism in animals fed a high-fat
diet or as a result of ageing (Riant ef al. 2009; Moreno
et al. 2010). Ageing or metabolic disease could alter
the ratio of ERa to ERB in skeletal muscle and change
the tissue response to oestrogen and oestrogen receptor
modulators. Future studies are needed to determine the
impact of insulin resistance, and subsequent chronic
oestrogen treatment, on ER expression and activation
patterns in skeletal muscle.

In the current study, PPT increased ERo
phosphorylation in skeletal muscle relative to total
ERa, while total ERa expression was decreased compared
to vehicle-treated controls. Phosphorylation of ER«a
may occur in the cytoplasm or the nucleus and is
important for receptor dimerization and DNA binding
(Arnold et al. 1995a,b). However, the extent to which
phosphorylation of ERa contributes to the involvement
of ERx in cell signalling cascades is unknown, and little
is known regarding the effect of PPT on phosphorylation
of ERa. To our knowledge, this is the first report of
ERe activation and expression characterized in skeletal
muscle as a result of PPT treatment. Studies thus far have
mainly focused on oestrogen’s phosphorylation of ERa.
Phosphorylation on tyrosine residues probably represents
basal phosphorylation of ER« in the absence of oestrogen
(Migliaccio et al. 1986; Arnold et al. 19954), and activation
of ERa results in phosphorylation of serine residues
(Washburn et al. 1991; Weigel, 1996). Specifically, Joel
et al. (1998) report that oestrogen treatment in MCF-7
cells results in increased phosphorylation on Ser118. In
addition, mutation of Ser118 resulted in a 40% reduction
in transactivation activity in response to oestrogen (Le
Goff et al. 1994). We chose to assess Ser118 due to a
more recent report showing increased phosphorylation
of ERa on Ser118 in the soleus muscle due to resveratrol
treatment, which resulted in enhanced glucose uptake
(Deng et al. 2008).

In contrast to the previously mentioned studies on ER«
phosphorylation, the present study used PPT as an ER«
agonist. In MCF-7 cells, Joel et al. (1998) demonstrated an
increase in oestrogen-stimulated pERo on Ser118 relative
to total ERw, with no decrease in total ERa. In contrast,
while our study in rat skeletal muscle demonstrates an
increase in PPT-stimulated pER« on Ser118 relative to
total ERa, we also saw a decrease in total ER«. In fact,
more recent reports demonstrate that phosphorylation
of ER on Serl18 leads to protein degradation of ER«
(reviewed in Murphy et al. 2011). Ultimately, our study
demonstrates that of the total ERx present, more ER«
is phosphorylated on Ser118 in the PPT-treated animals
than in the vehicle-treated animals. A recent study by
Baltgalvis et al. (2010) demonstrated that 1week of
OVX resulted in an increase in ERe gene and protein
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expression compared to sham-treated animals. Two days
of oestradiol treatment in OVX female mice in this same
study resulted in a decrease in ER« levels, similar to our
results with PPT. In addition, we have recently shown
that ER protein levels are altered in the skeletal muscle
and adipose tissue in response to OVX and a high-fat
diet (Gorres et al. 2011). The specificity of PPT for
ERe in skeletal muscle is further demonstrated by the
lack of effect of PPT on ERS expression. In addition to
regulation of ERa by phosphorylation, localization of ERx
proteins (nuclear, cytosolic, membrane-associated) could
also play an important role in activation and regulation
in response to PPT and should be pursued in future
studies.

PPT also results in direct activation of the insulin
signalling pathway as shown by increased phosphorylation
of Akt. To our knowledge, this is the first evidence
of the effects of PPT on insulin signalling. In support
of our findings, stimulation of the insulin signalling
pathway with resveretrol in C2C12 myotubes was shown
to be dependent on ERw activation (Deng et al. 2008).
Phosphorylation of AS160 on threonine 642 is commonly
used to assess activation of AS160 and, hence, activation
of the insulin signalling pathway downstream of Akt. Our
results indicate that rats treated with PPT have increased
insulin-stimulated phospho-Akt substrate (pAS), but not
as a result of a significant increase in PAS-160 on
threonine 642. The PAS immunoreactivity at 160 kDa
includes both AS160 and a paralogue of AS160, TBC1D1.
Asaresult, an additional site of phosphorylation on AS160
or the TBC1D1 protein could be activated with PPT and
result in increased glucose transport.

Specific activation of ERa in vivo with PPT results
in increased pAMPK in soleus and EDL muscles. In
support of this finding, ERa knockout (ERa-KO) mice
demonstrate decreased pAMPK in skeletal muscle (Ribas
et al. 2009). Furthermore, skeletal muscle stimulated
with oestrogen in vivo and in vitro can increase AMPK
activation (D’Eon et al. 2008; Riant et al. 2009; Rogers et al.
2009), with a recent study showing that oestrogen-induced
AMPK activation is mediated by ER« (Rogers et al. 2009).
Together, these findings suggest that ER« acts as a positive
modulator of AMPK activation. AMPK activation can
result in increased basal glucose transport, an effect that
was not observed in the present study. The amount of
AMPK phosphorylation may have been insufficient to
alter basal glucose uptake in the present study. AMPK
can phosphorylate both AS160 (Treebak et al. 2006; Chen
et al. 2008) and TBC1D1 (Geraghty et al. 2007; Pehmoller
et al. 2009), although with phospho-specific sites distinct
from those activated by Akt, to stimulate an increase in
glucose uptake. This potential for differential regulation
has important implications for the regulation of glucose
uptake and will need to be further explored in the context
of ERa activation.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society

Oestrogen receptor « activation increases muscle glucose uptake

2051

The ERs have been shown to be involved in modulation
of GLUT4 transcription, with ERa acting as a positive
modulator and ERf acting as a negative modulator
(Barros et al. 2006a, 2009). Barros et al. (2006a,b) have
proposed a mechanism by which ERa could bind to
nuclear factor-kappa B (NF-«B), a transcription factor
with the potential to repress GLUT4 expression. The
binding of ERa to NF-«B could inhibit this transcription
factor’s repression of GLUT4 and thereby increase GLUT4
expression. Without ER« present, GLUT4 is decreased in
the gastrocnemius muscle of male ERa-KO mice (Barros
et al. 2006b). However, a more recent report shows that
female ERx-KO mice do not have decreased GLUT4 in
the quadriceps or soleus muscle (Ribas et al. 2009). In
the current study, activation of ER« resulted in increased
GLUT4 in the EDL (fast twitch) but not in the soleus (slow
twitch), which suggests that the ability of ER« to regulate
GLUT4 may be fibre type specific. As we measured total
GLUT4 protein levels, we do not know if the increase
in GLUT4 in the EDL contributed to the increase in
insulin-stimulated glucose uptake. It is possible that the
increase in total GLUT4 did not contribute to an increase
in GLUT4 at the membrane or in glucose transport. If so,
then this would explain the disparity between the soleus
and EDL GLUT4 and glucose transport data. However,
as GLUT4 is an important protein for insulin-stimulated
glucose uptake, it is important to understand factors
which modulate GLUT4, and the ability to modulate
GLUT4 by direct ERe activation has not previously been
shown. While numerous transcriptional pathways regulate
GLUT4 (Murgia et al. 2009), acute ER« activation may be
an additional mechanism for modulating GLUT4.

A recent study reported that 8 weeks of OVX increased
circulating glycerol, non-esterified fatty acids (NEFA) and
glucose, and oestrogen treatment reversed this (Wohlers &
Spangenburg, 2010). While long-term OVX and oestrogen
treatment had significant systemic metabolic effects, it is
unlikely that 1 week of OVX or 3 days of PPT treatment
resulted in significant changes in plasma glucose, insulin
or lipids, although we did not measure these factors in the
current study. We think the PPT effects demonstrated in
this study are a result of acute changes in signalling and
protein expression in the skeletal muscle, although future
studies will be needed to confirm a lack of systemic effect
on plasma glucose, insulin and lipid levels. In addition, the
decrease in body weight with PPT treatment suggests that
ERw activation may affect body weight and metabolism.
These factors may also play an important role in increasing
skeletal muscle glucose uptake and insulin signalling and
will be addressed in future studies.

In summary, our study demonstrates that the ER«a
agonist PPT results in increased insulin-stimulated glucose
uptake into the skeletal muscle via potentiating the insulin
signalling pathway, activating AMPK, and increasing
GLUT4 protein. Specific activation of ERe may provide
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an additional means by which drug treatments can
be developed that have a positive impact on glucose
metabolism. Future studies are needed to determine the
long-term effects of oestrogens, insulin resistance and
type 2 diabetes on ER expression and activation in skeletal
muscle.
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