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Abstract

Objective—Systemic loss of estradiol (E2) during menopause is associated with increased
adiposity which can be prevented with E2 replacement. Rodent studies suggest that E2, or lack of,
is a key mediator in menopause-related metabolic changes. We have previously demonstrated that
E2 treatment produces a rapid, dose-dependent activation of AMP-activated protein kinase
(AMPK) in murine skeletal muscle. Activation of AMPK is implicated in the therapeutic benefits
of many insulin sensitizing agents including metformin and thiazolidinediones. Here, we expand
our observations and provide novel data which demonstrate that in addition to E2, its metabolite 2-
hydroxyestradiol (2-HE2), activate AMPK in C2C12 myotubes.

Methods and Procedures—C2C12 myotubes were used to examine the effects on E2 and the
by-products of its metabolism on AMPK activation.

Results—Low concentrations of E2 (10 and 100 nmol/l) were found to increase AMPK
phosphorylation by ~1.6-fold, while a higher concentration (10 umol/l) resulted in a ~3.0-fold
increase. In comparison to E2 treatment alone, incubation of myotubes with E2 and 1-
aminobenzotriazole (ABT) (a CYP450 inhibitor that blocks metabolism of E2) caused AMPK
activation to be enhanced at low E2 concentrations, but attenuated at higher concentrations. The
effects of ABT suggested that one or more E2 metabolites contribute to the maximal activation of
AMPK at high E2 concentrations. Indeed, the estrogen metabolite 2-HE?2, but not 2-
methoxyestradiol (2-ME2), directly activated AMPK in C2C12 myotubes.

Discussion—We propose a model where E2, acting through its metabolite 2-HE2 and the
estrogen receptors (ERs), activates AMPK in myotubes. Finally, activation is abolished when all
E2 is metabolized to 2-ME2.

INTRODUCTION

Systemic loss of estrogen during menopause is associated with increased adiposity which
can be prevented with estrogen replacement (alone or in combination with progesterone) (1-
6). Recent data from the Women’s Health Initiative demonstrated that when compared to
placebo, women randomized to hormone replacement therapy were more lean and insulin
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sensitive, as well as less likely to develop type 2 diabetes (7). Using an ovariectomized
mouse model of menopause, we have identified a number of novel mechanisms by which
estradiol (E2) acts to reduce adiposity and improves metabolic health (8). In addition to E2-
mediated changes in gene expression, we demonstrated that /n vivo and /n vitro E2 treatment
rapidly activates AMP-activated protein kinase (AMPK) in skeletal muscle, potentially
acting to reduce body fat and promote greater insulin sensitivity.

AMPK is an intracellular signaling molecule that is activated at times of low-fuel availability
(i.e., low ATP levels). It has a multitude of physiological effects including increasing fat
oxidation, preventing fat synthesis, and inducing glucose uptake (9). The AMPK pathway is
activated by many known “insulin sensitizers” such as metformin, thiazolidinediones, and
exercise (9-11) as well as by the adipokines adiponectin and leptin (12-14). Therefore,
activation of AMPK is considered a target for the treatment of metabolic diseases (9,15).

We recently demonstrated that E2 activates AMPK in a dose and time-dependent manner
(8). In a published review of our previous findings (16), the authors astutely pointed out that
maximal activation of AMPK was not achieved until E2 concentration reached 10 umol/I,
though the estrogen receptors (ERs) are saturated at a much lower concentration. Therefore,
the aim of this study was to further explore this observation and enhance our understanding
of how E2 activates AMPK in skeletal muscle. We now demonstrate that the product of
cytochrome P450 1A1 (CYP 1A1l)-mediated metabolism of E2, 2-HE2, activates AMPK in
C2C12 myotubes. As 2-HE? is not a ligand for ER (17), this suggests dual mechanisms of
activation of AMPK by E2 (via ER) and 2-HE2 (via an unknown mechanism). These
findings provide new insight into mechanisms of systemic metabolism and body weight
regulation by estrogens.

Methods And Procedures

C2C12 culture

Mouse C2C12 myoblasts (American Type Culture Collection, Rockville, MD) were cultured
and differentiated into myotubes as previously described (18). On day 5, cells were serum-
depleted in Dulbecco’s modified Eagle’s medium for 16 h before experiments. 17- E2 and
1-aminobenzotriazole (ABT) were purchased from Sigma (St Louis, MO). 2-HE2 and 2-
ME2 were purchased from Steraloids (Newport, RI) and were prepared with 0.1% ascorbic
acid to minimize oxidation. Incubations with control cells had equivalent concentrations of
ascorbic acid. Incubations were terminated by addition of ice-cold phosphate-buffered saline
containing 10 nmol/l NaF and 1 mmol/l NagVOg,.

Western blotting

Phosphorylation of AMPK on threonine 172 was assessed in lysates of C2C12 myotubes
following sonication in SDS lysis buffer containing phosphatase and protease inhibitors.
Lysates were electrophoresed, transferred to nitrocellulose, and probed with antibodies
against total AMPK and phosphorylated AMPK (Cell Signaling, Beverly, MA).
Chemiluminescence (Super Signal, Pierce, Rockford, IL) was quantified by laser
densitometry within the linear range of detection. For detection of CYP 1A1 and catechol O-
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methyl transferase (COMT) protein expression, whole quadriceps, liver and C2C12
myotubes (day 5) were processed as described earlier and probed with an antibodies specific
for the proteins (Santa Cruz Biotechnology, Santa Cruz, CA). Equal amounts of total protein
were loaded for each tissue.

Real-time PCR

RESULTS

Liver and muscle (quadriceps) were dissected from C57/B6J mice and total RNA was
extracted from ~100 mg of frozen tissue using commercially available kits (Qiagen,
Valencia, CA). RNA was also isolated from C2C12 myotubes on day 5 for evaluation of
CYP1A1l and COMT mRNA expression. RNA was quantified by RiboGreen Quantitation
Assay (Molecular Probes, Eugene, OR) and complementary DNA was synthesized from 1
ug of total RNA using a reverse transcription system (Promega, Madison, WI). Real-time
PCR was performed in triplicate on each sample with an ABI PRISM 7700 Sequence
Detection System in 20 pl total volume using SYBR Green PCR Master MIX (Applied
Biosystems, Foster City, CA). Primers sequences were as follows: CYP 1A1,
F-5'TTAACTCTTCCCTGGATGCC3” and R-5'GGTTGGTTA CCAGGTACATG3';
COMT, F-5" ATGTGAGGGGGAGCAGTAGC3  and
R-5'GGGGGTCAGAGTGAGTGTGT3 . Data were analyzed using a comparative critical
threshold (&) method (19), with the amount of target gene normalized to the average of two
endogenous control genes (18S ribosomal RNA and cyclophilin B). Percent difference was
calculated by 272A% (20).

Dose-dependent activation of AMPK by E2

Activation of AMPK is believed to be a target for the prevention of insulin resistance and the
subsequent development of type 2 diabetes (9,15). We have previously shown (8) that
AMPK is activated (phosphorylated) with pmol/l concentrations of E2 with questionable
phosphorylation at lower (nmol/l) E2 concentrations. Using longer exposures of the western
blots, (Figure 1a) and careful quantification by densitometry (Figure 1b), we found that E2
rapidly activates AMPK in a dose-dependent manner (10 nmol/l to 10 pmol/l). Although
there is moderate activation at low E2 concentrations (1.5 and 1.7-fold with 10 and 100
nmol/l, respectively), further AMPK activation was observed at higher E2 concentrations
(two- and threefold with 1-10 umol/I, respectively) (Figure 1b). This concentration—
response relationship is surprising in light of the fact that ERs are saturated with nmol/I
concentrations of E2, and suggests the metabolism of E2 may be involved. For example,
high concentrations of E2 may be required, above normal saturating concentrations, if the
metabolism of E2 is rapid and AMPK activation is completely ER dependent (16).
Alternatively, it is possible that there is a non-ER mediated signal, potentially elicited by a
product of E2 metabolism, which acts either alone or in concert with an ER-dependent
mechanism to further activate AMPK. Therefore, we decided to investigate whether a
product of E2 metabolism mediates some or all of E2 actions on AMPK activation.
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C2C12 myotubes express the enzymes involved in E2 metabolism

In vivo, E2 is believed to be metabolized primarily in the liver, where CYP450 enzymes are
highly expressed. Previous studies have suggested that only the vascular cells in muscle
express CYP450 enzymes (21), rendering it highly unlikely that cultured C2C12 myotubes
are capable of this conversion. Therefore, we wanted to determine whether the /n vitro
model being used (C2C12 myotubes) expressed the enzymes needed for E2 metabolism. We
compared the mRNA (top panel) and protein (bottom panel) expression of CYP 1A1, the
enzyme responsible for conversion of E2 to 2-HE2, in C2C12 myotubes, mouse muscle
(which would also contain vascular cells), and liver (Figure 2a). We demonstrated the
presence of CYP 1Al in C2C12 msyotubes.

Subsequently, 2-HE? is further metabolized to 2-ME2 by the enzyme COMT. We
demonstrate a similar expression pattern for COMT at both the mRNA (top panel) and
protein (bottom panel) level suggesting our cell system is capable of complete E2
breakdown in this pathway (Figure 2b).

2-HE?2 directly activates AMPK

To determine whether E2 metabolites contribute to E2-mediated activation of AMPK,
C2C12 myotubes were incubated with varying concentrations of 2-HE2 or 2-ME2. We
demonstrate that 2-HE?2 activates AMPK in myotubes (Figure 3). Unlike our observations
with E2, this activation was maximal at 10 nmol/l. The by-product of 2-HE2 metabolism, 2-
MEZ2, did not activate AMPK (Figure 3). In summary, the catechol E2 2-HE2, but not the
methoxyestradiol 2-MEZ2, increases AMPK phosphorylation in C2C12 myotubes.

E2 activates AMPK in the absence of 2-HE2 conversion

To determine whether E2-induced activation of AMPK is entirely due to 2-HE2, we used a
CYP450 inhibitor, ABT (Figure 4), which prevents E2 breakdown and the subsequent
production of catechol estrogens (22). Addition of ABT shifted the concentration—response
curve to the left, such that 10 nmol/l E2 enhanced AMPK activity twofold with no further
activation observed at higher E2 concentrations (Figure 4). However, ABT also prevented
the maximal stimulation we observed with 10 umol/l E2 (maximal activation was twofold
compared to threefold with E2 alone (Figure 1)). This suggests that both ER-dependent and
independent pathways are involved in the maximal activation of AMPK.

DISCUSSION

Estrogen is a steroid hormone which elicits its effects through both genomic and
nongenomic mechanisms (23-26). It circulates in the human body primarily in the form of
17-B E2, but there is a growing body of literature suggesting that some biological effects
may be mediated by its metabolites (22). One of the major pathways of E2 metabolism
involves the hydroxylation of E2 to form a catechol E2, 2-HE2, and the subsequent
methylation of this catechol E2 to form 2-ME2.

Previously, we demonstrated the ability of E2 to activate AMPK in a dose and time-
dependant manner. However, maximal activation of AMPK was not achieved until the E2
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concentration used (10 pmol/l) was well above the saturation level of the ERs. There are at
least two possible scenarios that explain why concentrations of E2 that exceed ER binding
capacity can enhance AMPK activation. One hypothesis, provided by Simpson and Mclnnes
(16), is that if E2 activates AMPK solely through activation of ER, there might be
“extremely rapid metabolism of E2” by the C2C12 myotubes. If this were true, high
concentrations of E2 may constantly replenish the rapidly metabolized supply of E2 for ER
binding, thus prolonging and enhancing the activation of AMPK. Alternatively, it is possible
that there is a non-ER mediated signal, potentially elicited by a product of E2 metabolism,
which acts either alone or in concert with an ER-dependent mechanism to further activate
AMPK.

Although, we previously demonstrated that the ER antagonist, ICI 182,780 completely
inhibits E2-mediated activation of AMPK at 10 umol/l, suggesting an ER-dependent
mechanism (8), recent studies have demonstrated that ICI 182, 780 (10 umol/l) in addition to
blocking the actions of ERs, can also prevent the conversion of E2 to its metabolites (27).
Therefore, this study used new approaches to test the ability of estrogen and its metabolites
to activate AMPK. Incubation of myotubes with 2-HE2 or 2-ME2 identified 2-HE2 as a
potent activator of AMPK (Figure 3). In order to assess the relative contributions of E2 and
2-HE2 to AMPK activation, an inhibitor of E2 metabolism (ABT) was employed. Preventing
the breakdown of E2 increased activation of AMPK at low E2 concentrations possibly by
increasing its half-life and the amount of E2 available for binding to ERs. In contrast,
maximal activation at high E2 concentrations was blunted by ABT, suggesting that an E2
metabolite, in addition to E2 acting via ERs, may be responsible for maximal activation of
AMPK.

Overall, our findings demonstrate that both E2 and its metabolite, 2-HE?2, activate AMPK in
muscle. We propose a model where E2 acts both directly and through its metabolite 2-HE2
to increase AMPK activation (Figure 5). Within this model, AMPK activation is ceased
when E2 is completely metabolized to 2-ME2. Consistent with this hypothesis, E2-mediated
phosphorylation of AMPK is diminished after 15 min (data not shown).

AMPK is an intracellular signaling molecule with a growing list of functions related to
muscle metabolism (9). Its activation acutely increases fat oxidation, inhibits fat synthesis,
and increases glucose uptake (9). In addition, chronic AMPK activation has been shown to
prevent obesity and insulin resistance, at least in part through increasing mitochondrial
biogenesis (15,28). Our studies suggest that activation of AMPK in muscle may render 2-
HE2 protective against the development of metabolic disease. In support of this, continuous
2-HE2 treatment in rats reduced adiposity and the development of diabetes (29) suggesting
this may be related to 2-HE2-activation of AMPK. Further support for our model (Figure 5)
comes from a recent paper by Zhang et a/. (30) which demonstrates that unlike 2-HE2, 2-
MEZ2 is not protective against obesity and diabetes. In addition, 2-HE2 has been shown to
activate AMPK in endothelial cells suggesting beneficial effects on multiple tissues (31).
Interestingly, in endothelial cells E2 alone did not have any effect on AMPK activation.
Although the reason for this difference is not immediately evident, it may be related to
tissue-specific differences in upstream kinases, E2 receptor expression (i.e., ER-a vs. ER-B
density) and/or methodological differences.
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In summary, we demonstrate that 2-HE2 rapidly activates AMPK in myotubes suggesting
that some of the reported metabolic benefits of E2 may be related to 2-HE2 actions.
Although the rapid degradation of 2-HE2 does not make it a good pharmacological agent,
identification of its receptor and the mechanism by which it activates AMPK, may have
implications for the prevention of adiposity and metabolic disease.
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Figure 1.

Dose-dependent activation of AMP-activated protein kinase (AMPK) with estradiol (E2)
treatment. (a) Western blots of phosphorylated (threonine 172) AMPK (upper blot) and total
AMPK (lower blot). C2C12 myotubes were treated for 5 min with 20 nmol/l to 10 pmol/I
E2. AMPK is activated by E2 in a dose-dependent manner. Representative blot of four
separate experiments. (b) Densitometry of western blots. Experiments were repeated four
times and average values are reported. (*P< 0.05, **P< 0.01, ***P < 0.001, relative to
control).
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Figure 2.
Estradiol-metabolizing enzymes, cytochrome P450 1A1 (CYP 1A1) and catechol O-methyl

transferase (COMT), are expressed in C2C12 myotubes. (a) Relative mRNA (top panel) and
protein (bottom panel) expression of CYP 1A1 and (b) COMT. (7= 3-5 samples per tissue).
(**P<0.01, ***P<0.001, relative to C2C12).
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Figure 3.
2-Hydroxyestradiol (2-HEZ2) but not 2-methoxyestradiol (2-ME2) activates AMP-activated

protein kinase (AMPK). (a) Western blots of phosphorylated (threonine 172) AMPK (upper
blot) and total AMPK (lower blot). C2C12 myotubes were treated with estradiol (E2)-
metabolites as described for 5 min. AMPK is activated by 2-HE?2 but not by 2-ME2. (b)
Densitometry of western blots. Experiments were repeated three times and average values
are reported. (***P< 0.001, relative to control).
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Figure 4.

Inhibition of E2 breakdown (and 2-hydroxyestradiol synthesis) enhances AMP-activated
protein kinase (AMPK) activation at lower E2 concentration and prevents maximal
stimulation at higher E2 concentration. C2C12 myotubes were treated with E2 in the
presence of CYP450 inhibitor, ABT (10 umol/l), for 5 min. Preventing E2 breakdown and
the subsequent synthesis of 2-HE2 increased AMPK activation at low E2 concentrations
(10-100 nmol/1), but prevented maximal stimulation at the higher concentration (10 pmol/I).
(a) Western blots of phosphorylated (threonine 172) AMPK (upper blot) and total AMPK
(lower blot) (b) Densitometry of western blots. (* < 0.05, relative to control).
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Model of estradiol’s (E2’s) effects on AMP-activated protein kinase (AMPK) activation in
muscle. E2, acting through ERs, activates AMPK. In addition, the E2 metabolite 2-HE2
activates AMPK in an ER-independent manner, and thus increases AMPK activation at high
E2 concentrations.
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