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Abstract
Phytoecdysteroids, structurally similar to insect molting hormones, produce a range of effects in
mammals, including increasing growth and physical performance. In skeletal muscle cells,
phytoecdysteroids increase protein synthesis. In this study we show that in a mouse skeletal
muscle cell line, C2C12, 20-hydroxyecdysone (20HE), a common phytoecdysteroid in both insects
and plants, elicited a rapid elevation in intracellular calcium, followed by sustained Akt activation
and increased protein synthesis. The effect was inhibited by a G-protein Coupled Receptor
(GPCR) inhibitor, a phospholipase C (PLC) inhibitor, and a phosphoinositide kinase-3 (PI3K)
inhibitor.
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Introduction
Ecdysteroids, polyhydroxylated ketosteroids with long carbon side chains, are produced
primarily in insects and plants. Although the role of ecdysteroids as insect hormones and
their involvement in development has been well studied, their role in mammals is less
understood. Ecdysteroids have been reported to produce a wide range of effects in mammals
[1]. One of the most interesting properties of ecdysteroids in mammals is their anabolic
effect, behaving similar to anabolic steroids putatively without the androgenic effect.
Recently, ecdysteroids were shown to increase muscle fibers in rat [2]. Ecdysteroids have
been shown to increase growth and endurance in animals [1, 3] without negative side
effects.

Using the murine skeletal muscle cell line C2C12, we have previously shown that treatment
with ecdysteroids increases protein synthesis by up to 20% [4]. However, despite evidence
showing both invivo and invitro anabolic effects of ecdysteroids, their cellular mode of
action has not been elucidated. In mammals, there is no known nuclear receptor that is
homologous to the ecdysone nuclear receptor (EcR) found in insects, ruling out the
possibility that ecdysteroids function through similar pathways in both mammals and
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insects. Ecdysteroids do not appear to activate the nuclear androgen receptor (AR) since 20-
hydroxyecdysone (20HE), the most common ecdysteroid, did not bind to the rat AR [4].

In addition to classical nuclear receptor responses, mammalian steroid hormones structurally
related to ecdysteroids have been shown to elicit rapid non-genomic signaling events that
mediate cell proliferation and survival. These responses may involve secondary signals such
as altered Ca2+ or cAMP [5]. Mammalian steroid hormones increased Ca2+ influx in a
variety of cell types including cardiac myocytes [6] and skeletal muscle [7]. Although some
of these effects have been attributed to a new role for already identified nuclear receptors,
such as the estrogen receptor (ER) and AR, there are data supporting the presence of distinct
membrane-bound receptors that interact with these hormones. Estrogen and progesterone G-
protein coupled receptors (GPCRs) have already been cloned and characterized and a
putative membrane-bound AR has been described [8].

In addition to their classical nuclear receptor-mediated genomic response, ecdysteroids also
produce many “non-genomic” effects in invertebrates [9, 10]. Although many of these
effects may involve the classical nuclear EcR, a putative membrane-bound ecdysone
receptor that has been described in silkworms may also be responsible [11]. A membrane-
bound GPCR, DopEcR, has been identified in Drosophila which binds ecdysteroids in
addition to dopamine [12]. A similar receptor may be responsible for the rapid effects of
both androgens and ecdysteroids in mammals.

In this study we used the mouse skeletal muscle cell line, C2C12, to investigate the
intracellular responses that may underlie the anabolic effects of ecdysteroids and compared
them with the effects of Insulin-like Growth Factor 1 (IGF-1), a well characterized anabolic
agent. Specifically, we investigated the ability of 20HE to affect intracellular calcium fluxes.
We hypothesized that this might lead to Akt activation via a G-protein Coupled Receptor-
Phospholipase C-Phosphoinositide-3-Kinase (GPCR-PLCPI3K)-mediated mechanism.

Experimental
Materials

1,2-bis-(o-aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid, tetraacetoxymethyl ester
(BAPTA-AM), 1-[6-[((17β)-3-methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-1H-
pyrrole-2,5-dione (U-73122), and 2-aminoethoxydiphenyl borate (2-APB) were purchased
from Calbiochem (San Diego CA). Fluo-4 NW was purchased from Invitrogen (Carlsbad
CA). Phospho-Akt and Akt antibodies were purchased from Cell Signaling (Danvers MA).
2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY-294002), Bordetella pertussis
toxin (PTX), ethylene glycol tetraacetic acid (EGTA), 20-hydroxyecdysone (20HE), and all
other supplies were purchased from Sigma-Aldrich (St. Louis MO).

Cell Culture
A mouse skeletal muscle cell line, C2C12, (ATCC CRL-1772), was cultured as described
previously [4]. Differentiated multinucleated myotubes were plated on 24 well plates for all
studies with the exception of the Ca2+ flux assay where 96 well plates were used. All cells
were serum-starved overnight prior to treatment. All treatments were delivered in ethanol at
a final concentration of 0.1%

Determination of Intracellular Ca2+

Measurements of intracellular Ca2+ from C2C12 skeletal myotubes were determined using
Fluo-4 NW based on Gee [13] according to manufacturer’s instructions (Invitrogen). C2C12
myotubes plated on 96 well plates were loaded with the Ca2+ fluophore, Fluo4-AM
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(Invitrogen) for 1 h prior to treatment. Cells were washed with either Ca2+ containing media
(1 mM NaCl, 5 mM KCl, 2.6 mM CaCl2, 1 mM MgCl2, 10 mm HEPES-Na, 5.6 mM
glucose) or Ca2+ free medium (1 mM NaCl, 5 mM KCl, 1.0 mM EGTA, 3.6 mM MgCl2, 10
mM HEPES-Na, 5.6 mM glucose). For inhibitor studies, cells were pretreated with
inhibitors for 1 h before treatment. Baseline fluorescence was monitored prior to treatment.
Cells were treated with 1 μl of 20HE dissolved in assay buffer to reach a final concentration
of 1μM and fluorescence was measured using a Synergy™ HT Multi-Mode Microplate
Reader (Biotek). Data were collected from three wells per treatment every 5 sec for 180 sec
and analyzed using Gen5 Data Analysis software. The changes in fluorescent intensity over
baseline (ΔF/F0) were averaged and plotted as a function of time. The study was performed
in triplicate and the values averaged.

Cell Signaling Experiments
For the ecdysteroid dose response, C2C12 cells were washed with serum-free DMEM and
treated for 2 h with increasing concentrations of 20HE or vehicle (0.1% ethanol), four wells
per treatment. For the 20HE time course study, C2C12 cells were treated with 1 μM 20HE
for 5 min to 24 h in serum-free media. For the inhibitor studies, C2C12 cells were pretreated
with inhibitors or vehicle for 1 h prior to treatment with 1 μM 20HE or 100 ng/ml insulin-
like growth factor 1 (IGF-1). For removal of free extra- or intracellular Ca2+, media was
supplemented with either 3 mM EGTA or 25 μM BAPTA-AM for 30 min prior to treatment.

Western Blot Analysis
Western blot analysis was performed based on Ushio-Fukai [14]. After treatment, cells were
lysed using 250 μl of cold lysis buffer per well. Lysis buffer consisted of 20 mM Tris, pH
7.4, 30 mM NaCl, 3.5 mM EDTA, 1 mM EGTA, 1.0% Triton X-100, 2.5 mM sodium
pyrophosphate, 4 mM sodium fluoride, 1 mM sodium vanadate, 1mM phenylmethylsulfonyl
fluoride and Protease Inhibitor Cocktail (Sigma) consisting of 2.0 μg/ml leupeptin and 2.0
μg/ml aprotinin. Two wells per treatment were pooled and whole cell lysates were sonicated
for 15 seconds, boiled for 5 min, and centrifuged at 16,000 g for 5 min at 4 C. Protein
content of the supernatant was quantified using a Nanodrop 1000 spectrophotometer
according to manufacturer instructions (Thermo Scientific). 40 μg of protein were separated
using 8% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes (Amersham). Membranes were blocked in Tris Buffered Saline (TBS)
containing 5% nonfat dry milk and 0.01% Tween at room temperature for 1 h. Membranes
were then incubated in 5% bovine serum albumin in TBS containing phospho-Akt (Ser473)
antibody (1:1000) or total Akt antibody (1:1000) (Cell Signaling) overnight at 4 C.
Membranes were rinsed and probed with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (1:2000) (Cell Signaling) in 5% nonfat dry milk in TBS. After
incubation with secondary antibodies, phosphorylated or total Akt protein was detected by
enhanced chemiluminescence (Amersham). Band intensity was quantified by densitometry
of immunoblots using NIH ImageJ, version 1.38x, and phosphorylated Akt levels
normalized to total Akt.

Protein Synthesis Assay
Protein synthesis was determined as described previously [4].

Statistical Analysis
Results are presented as the mean ± S.E. Data were analyzed using one-way ANOVA/
Bonferroni method.
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Results
Intracellular Ca2+

Treatment with 1 μM 20HE increased intracellular Ca2+ in C2C12 myotubes within 10 sec
(Fig. 1A). Intracellular Ca2+ peaked 35 sec after treatment, and began to decline after 70 sec.
The decrease was gradual with some elevation of intracellular Ca2+ still observed after 180
sec. This effect was completely abolished when cells were pretreated with 1 μg/ml PTX, 1 h
prior to 20HE treatment (Fig. 1B). Ca2+ free media containing the extracellular Ca2+

chelator, 3 mM EGTA, slightly reduced and modified the 20HE response and decreased its
duration (Fig. 1C).

Pretreatment with the phospholipase C (PLC) inhibitor, 10 μM U-73122, for 1 h prior to 1
μM 20HE treatment also reduced the intensity and duration of the intracellular Ca2+ flux as
compared to the 20HE treatment alone (Fig. 1D). The inositol 3-phosphate receptor (IP3R)
inhibitor, 2-APB, produced similar results (data not shown). Both EGTA and U-73122
produced a more rapid, oscillating decline in Ca2+ that returned close to control levels in less
than 120 s (Fig. 1C and D). When the PLC inhibitor, U-73122, was added to EGTA
containing media, the 20HE-induced Ca2+ flux was almost completely abolished (Fig. 1E).

Akt Activation
Exposure to 20HE activated Akt in C2C12 skeletal myotubes (Fig. 2). 0.1 μM 20HE
significantly increased phosphorylation of Ser473 Akt by more than 3-fold. Activation of Akt
continued to increase with greater concentrations of 20HE. Although maximal increases of
approximately 5-fold were observed with the highest concentration of 20HE, and a clear
dose response was observed at lower concentrations, with significant differences between
0.5 μM and 1 μM, there was no significant difference between 1 μM and higher
concentrations. Treatment with 1 μM 20HE significantly increased Akt activation which
peaked after 2 h, decreased somewhat after 4 h, but remained greater than initial levels even
after 24 h with significant differences between 0 and 2 h, 2 and 4 h, and 0 and 24 h (Fig. 3A
and 3B).

Pretreatment with either 10 μM LY, a PI3K inhibitor, or 1 μg/ml PTX, a G-protein inhibitor,
for 1 h inhibited the 20HE-induced Akt activation in C2C12 myotubes (Fig. 4). In contrast,
activation of Akt by 100 ng/ml IGF-1 was inhibited by LY but not PTX.

Removal of available Ca2+ also inhibited the 20HE-induced activation of Akt. Treatment
with either the extracellular chelator, 3mM EGTA, or the intracellular chelator, 25μM
BAPTA-AM, 1 h prior to treatment reduced 20HE-induced Akt phosphorylation (Fig. 5).
Pretreatment with both EGTA and BAPTA-AM together completely abolished the 20HE-
induced phosphorylation of Akt, although the response was not significantly different than
either EGTA or BAPTA-AM alone. Although 20HE treatment was significantly greater than
the EGTA, BAPTA-AM, or control groups, there was no significant difference between
either EGTA or BAPTA-AM with the control. IGF-1 induced activation of Akt was not
affected by pretreatment with EGTA, BAPTA-AM, or both.

Protein Synthesis
Removal of extracellular Ca2+ partially abrogated the 20HE-induced increase in protein
synthesis in C2C12 myotubes (Fig 6). When cells were incubated in media containing 3 mM
EGTA to chelate free Ca2+, the increase in protein synthesis was only 8%, significantly
lower than the 16% when cells were exposed to 20HE in Ca2+ containing media. The
response to 20HE was similarly attenuated by pretreatment with 25μM BAPTA-AM for 1 h.
When cells were pretreated for 1 h with both EGTA and BAPTAAM together, the 20HE-
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induced increase was completely abolished producing a response not significantly different
from either EGTA and/or BAPTA-AM pretreatments or control while significantly lower
then 20HE pretreated with either EGTA or BAPTA-AM. The IGF-1 induced increase in
protein synthesis was also inhibited by both EGTA and BAPTA-AM. While IGF-l still
increased protein synthesis in cells pretreated with EGTA, IGF-1 produced no increase in
cells pretreated with BAPTA-AM. Treatment with only EGTA and/or BAPTA-AM did not
alter protein synthesis (data not shown).

Pretreatment with 1 μg/ml PTX, a G protein inhibitor, for 1 h completely abolished the
20HE-induced increase in protein synthesis in C2C12 myotubes (Fig. 7). In contrast, the
IGF-1 induced increase in protein synthesis was unchanged after PTX pretreatment.

Pretreatment with either 10 μMU-73122, a PLC inhibitor, or 10 μM2-APB, an IP3R
inhibitor, for 1 h reduced the protein synthesis response to 20HE, but the effect was not
additive when both inhibitors were combined (Fig. 8). Pretreatment with U-73122
significantly reduced the IGF-1 induced increase in protein synthesis while 2-APB caused
only a slight decrease. Treatment with only U-73122 and/or 2-APB did not alter protein
synthesis (data not shown).

Discussion
20HE produced rapid responses in C2C12 myotubes, including increasing Ca2+ flux in
seconds (Fig. 1A) and phosphorylating Akt within 2 h (Fig. 3 A and B). The G-protein
inhibitor, PTX completely abolished the 20HE-induced increase in both Ca2+ (Fig. 1A) and
protein synthesis (Fig. 8), and significantly reduced Akt activation (Fig. 5), suggesting a G-
protein-dependant pathway is involved in both the rapid and long term response. Increased
intracellular Ca2+, which is involved in GPCR signaling may come from either extracellular
Ca2+ or internal stores [15]. The extracellular Ca2+ chelator EGTA only partially inhibited
the 20HE effect (Fig. 6), suggesting that both extracellular and internal stores of Ca2+ may
be involved.

Steroids can rapidly alter Ca2+ levels by affecting both influx and intracellular stores. This
effect is steroid- and cell-type specific. In Serotoli cells, testosterone induced Ca2+ intake
was due to PLC-mediated closure of K+−ATP channels [16]. In T cells, while estradiol
produced rapid Ca2+ flux from both extracellular and intracellular pools [17], testosterone
induced only extracellular Ca2+ flux [18]. Testosterone enhanced Ca2+ transport by opening
T-type Ca2+ channels in rabbit kidney [19]. Chronic testosterone treatment increased the
current size and single channel activity of L-type Ca2+ channels in rat cardiomyocytes [20].
However, acute testosterone decreased activity of T-type Ca2+ channels [21]. [22] described
androgen-induced Ca2+ oscillations in neurite cells which were blocked by the G protein
inhibitor, PTX. This oscillation also required both intra- and extracellular Ca2+. In human
granulosa luteinizing cells, androstenedione increased Ca2+ through voltage-dependent Ca2+

channels in the plasma membrane and PLC activation via a PTX-sensitive G protein [23].

An important pathway for release of internal Ca2+ in skeletal muscle is the PLC-IP3R
pathway [24]. The membrane-bound enzyme, PLC, breaks down phosphoinisotol 3
phosphate (PIP3), producing inositol 3-phosphate (IP3) which travels to the sarcoplasmic
reticulim (SR) and binds to the IP3 receptor (IP3R). When activated by IP3, the IP3R releases
Ca2+ from the SR into the cytoplasm. Our data show that the inhibition of PLC with
U-73122 or the IP3R using 2-APB shortened the duration of the Ca2+ increase following
20HE treatment but did not completely abolish it (Fig. 1 and data not shown). This suggests
that, although the PLC pathway may be involved, it is not the only source of intracellular
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Ca2+. GPCR activated Ca2+ channels, which have been described in LNCaP prostate cancer
cells [25] may also be activated by 20HE, allowing extracellular Ca2+ to flow into the cell.

20HE activated Akt in C2C12 skeletal myotubes in a dose- and time-dependant manner.
Although ecdysteroid-induced Akt phosphorylation has been described previously in pro-B
lymphocyte cells [26] and RKO cells [27], this is the first example in skeletal muscle.
Previous studies involved long treatment periods of 48 h, suggesting a non-specific
response. Our study shows a more rapid response, with significant activation after 2 h.
However, this is still a much slower response then that produced by other activators like
IGF-1, which phosphorylate Akt within 10 min.

Ca2+ has been shown to be an important regulator of Akt activation [28]. Inhibiting PLC or
chelating intracellular Ca2+ abolished the EGF-induced activation of Akt in mammary
epithelial cells. The present study provides further support for a role of Ca2+ in Akt
activation by demonstrating that removal of free Ca2+ reduces 20HE-induced Akt
phosphorylation (Fig. 5). Removal of either extracellular Ca2+ using EGTA or intracellular
Ca2+ with BAPTA-AM also reduced the 20HE effect on protein synthesis (Fig. 6). This
suggests Ca2+ flux is a necessary signal in the 20HE-induced response leading to increased
protein synthesis. However, although the induced Ca2+ flux represents a rapid response, the
increase in protein synthesis is not observed until after 2 h [4]. While many Akt activators
such as IGF-1 phosphorylate Akt within minutes, 20HE-induced activation of Akt was a
much slower response with a minor statistically insignificant increase after 45 min and a
significant increase after 2 h. Therefore, the delayed Akt response may explain the delay in
protein synthesis. We previously showed that treatment with the PI3K inhibitor, LY,
completely abolished the 20HE-induced increase in protein synthesis [4]. In this study, we
have shown 20HE treatment activates Akt and that blocking Akt activation also blocks
increased protein synthesis. These data further support the key role of Akt in the 20HE-
induced increase in protein synthesis in skeletal muscle.

Although the mode of action of 20HE in skeletal muscle is still largely a mystery, it is
tempting to hypothesize a 20HE activated membrane bound GPCR, similar to the one found
in insects. High affinity membrane binding sites have already been described in rat
erythrocytes using 20HE bound to magnetic nanoparticles [29]. Although there is as of yet
no direct evidence of its existence, a putative 20HE GPCR may activate the PLC-IP3
pathway as well as open Ca2+ channels, leading to G-αi protein-dependant activation of
PI3K/Akt and increased protein synthesis (Fig. 9).
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Fig 1. Intracellular calcium in C2C12 myotubes treated with 20-hydroxyecdysone (20HE) and
various inhibitors
Differentiated myotubes were pretreated with either (A) vehicle, (B) 1 μg/ml PTX, (C) 3
mM EGTA, (D) 10 μM U-73122, (E) 3 mM EGTA and 10 μM U-73122, for 1 h prior to
treatment with 1 μM 20HE. Relative fluorescence was measured for 180 sec after treatment.
Data represent the mean values ± S.E.M. of three experiments.
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Fig. 2. Effect of increasing concentrations of 20-hydroxyecdysone (20HE) on phosphorylation of
Akt in C2C12 myotubes
Differentiated myotubes were treated for 2 h with increasing concentrations of 20HE or
vehicle. Cell lysates were subjected to Western blotting and probed with either anti-pAkt or
anti-Akt. Data represent the mean values of phosphorylated Akt normalized to total Akt ±
S.E.M. of three experiments. a indicates p < 0.05 compared with control and b indicates p <
0.05 compared with 0.5 μM 20HE treatment (One way ANOVA/Bonferroni).
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Fig. 3. Time course of Akt phosphorylation in C2C12 myotubes treated with 1 μM 20-
hydroxyecdysone (20HE)
Differentiated myotubes were treated with 1 μM 20HE for 5 min to 24 h. (A) Cell lysates
were subjected to Western blotting and probed with either anti-pAkt or anti-Akt. (B) Data
represent the mean values of phosphorylated Akt normalized to total Akt ± S.E.M. of three
experiments. a indicates p < 0.05 compared with control and b indicates p < 0.05 compared
with 30 min treatment (One way ANOVA/Bonferroni).
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Fig. 4. Effect of G-protein and PI3K inhibitors on Akt phosphorylation in C2C12 myotubes
treated with 20-hydroxyecdysone (20HE)
Differentiated myotubes were pretreated for 1 h with either 1 μg/ml PTX, 10 μM LY, or
vehicle prior to treatment with either 1 μM 20HE or 100 ng/ml IGF-1 for 2 h. Cell lysates
were subjected to Western blotting and probed with either anti-pAkt or anti-Akt. Data
shown represent the mean values of phosphorylated Akt normalized to total Akt ± S.E.M. of
three experiments. a indicates p < 0.05 compared with control, b indicates p < 0.05
compared with PTX treatment alone and c indicates p < 0.05 compared with LY treatment
alone (One way ANOVA/Bonferroni).
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Fig. 5. Effect of extra- and intracellular calcium chelators on 20-hydroxyedysone (20HE) induced
Akt phosphorylation in C2C12 myotubes
Differentiated myotubes were pretreated with either 3 mM EGTA, 25 μM BAPTA-AM,
alone or in combination, or vehicle, for 1 h prior to treatment with 1 μM 20HE or 100 ng/ml
IGF-1 for 2 h. Cell lysates were subjected to Western blotting and probed with either anti-
pAkt or anti-Akt. Data shown represent the mean values of phosphorylated Akt normalized
to total Akt ± S.E.M. of three experiments. a indicates p < 0.05 compared with control, b
indicates p < 0.05 compared with EGTA treatment alone, c indicates p < 0.05 compared
with BAPTA-AM treatment alone, and d indicates p < 0.05 compared with EGTA +
BAPTA-AM treatment (One way ANOVA/Bonferroni).
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Fig. 6. [3H] Leucine incorporation in C2C12 myotubes pretreated with the calcium chelators,
EGTA and/or BAPTA-AM
Differentiated myotubes were pretreated with either 3 mM EGTA or 25 μM BAPTAAM,
alone or in combination or vehicle for 1 h before treatment with 1 μM 20HE, 100 ng/ml
IGF-1, or vehicle. DPM were normalized by total protein. Data represent the mean values ±
S.E.M. of three experiments. a indicates p < 0.05 compared with control, b indicates p <
0.05 compared with EGTA treatment alone, c indicates p < 0.05 compared with BAPTA-
AM treatment alone, and d indicates p < 0.05 compared with EGTA + BAPTA-AM
treatment (One way ANOVA/Bonferroni).
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Fig. 7. [3H] leucine incorporation in C2C12 myotubes pretreated with G-protein inhibitor, PTX
Differentiated myotubes were pretreated with the G protein inhibitor, 1 μg/ml PTX, or
vehicle for 1 h before treatment with 1 μM 20HE, 100 ng/ml IGF-1, or vehicle. DPM were
normalized by total protein. Data represent the mean values ± S.E.M. of three experiments. a
indicates p < 0.05 compared with control and b indicates p < 0.05 compared with PTX
treatment alone (One way ANOVA/Bonferroni).
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Fig. 8. [3H] leucine incorporation in C2C12 myotubes pretreated with phospholipase C (PLC) or
inositol-3-phosphate receptor (IP3R) inhibitors
Differentiated myotubes were pretreated with either the PLC inhibitor, 10 μM U-73122,
and/or the IP3R inhibitor, 10 μM 2-APB, or vehicle for 30 min before treatment with either
1 μM 20HE, 100 ng/ml IGF-1, or vehicle. DPM were normalized by total protein. Data
represent the mean values ± S.E.M. of three experiments. a indicates p < 0.05 compared
with control, b indicates p < 0.05 compared with U-73122 treatment alone, c indicates p <
0.05 compared with 2-APB treatment alone, and d indicates p < 0.05 compared with
U-73122 + 2-APB treatment (One way ANOVA/Bonferroni).
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Fig. 9. Schematic representation of the proposed mode of action of 20HE in skeletal muscle
The proposed pathway of 20HE includes activation of a putative membrane bound GPCR.
This leads to PLC activation producing IP3. IP3 activates IP3R in the SR releasing
intracellular stores of Ca2+ into the cytoplasm. 20HE may also elicit the opening of
extracellular Ca2+ channels. The total Ca2+ flux leads to phosphorylation of Akt which leads
to increase protein synthesis. Hypothetical signaling is described with dashed arrows.
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