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Abstract 

Purpose: To investigate the effect of 20-hydroxyecdysone (20E) and its metabolites and their 
synergistic effect with IGF-1 on regulation of skeletal muscle cell growth. 
Methods: Mouse skeletal muscle cell line (C2C12) was solely treated with 20E and its metabolites (14-
deoxy-20-hydroxyecdysone, poststerone, and 14-deoxypoststerone) at doses of 0.1, 1, and 10 µM or 
co-treated with IGF-1 (10 ng/ml). Cell viability and proliferative capacity were evaluated using MTT and 
BrdU incorporation assays, respectively. Myogenic differentiation proteins [embryonic myosin heavy 
chain (EbMHC) and MHC], androgen receptor (AR), and IGF-1 receptor (IGF-1R) protein expression 
were investigated using immunocytochemistry. 
Results: Treatments of 20E and its metabolites had no toxicity on skeletal muscle cells or induced 
AR/IGF-1R expression. In addition, solely treatment of 20E and its metabolites or co-treatment with 
IGF-1 had no significant effect on cell proliferation and myogenic differentiation capacity. In contrast, 
IGF-1 treatment alone significantly increased EbMHC expression (p<0.0001), MHC expression 
(p<0.05), and myotube number (p<0.05). 
Conclusion: These results indicate that 20E and its metabolites have no direct or synergistic effect 
with IGF-1 on skeletal muscle cell growth. Nevertheless, the pharmacological effects of 20E on skeletal 
muscle mass and strength in vivo that raises its therapeutic potential may associate with its indirect 
action. 
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INTRODUCTION 
 

Ecdysteroids are arthropod steroid hormone that 
contribute significant roles in development and 

biological processes of insects via ecdysone 
receptor-mediated signal transduction [1]. Among 
ecdysteroids, 20-hydroxyecdysone (20E) is the 
most common found in arthropods whose 
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analogues were subsequently discovered in 
certain plant species, i.e., Vitex glabrata 
(http://ecdybase.org/) [2]. Since ecdysteroids are 
not endogenously synthesized in rodents and 
humans, its receptor is not present in mammalian 
species. Nevertheless, the pharmacological 
effects of 20E in mammals have been 
documented [3-6]. Various studies demonstrated 
the effects of 20E on skeletal muscle including 
increased muscle mass and fiber size [7-9], 
increased protein synthesis and associated 
protein signaling [10,11], increased myonuclear 
number during muscle regeneration [7], 
alleviated disuse muscle atrophy [12], and 
increased muscle strength [10]. 
 
Currently, the anabolic effect of 20E raises its 
therapeutic potential to increase muscle mass 
and strength. However, this effect originates from 
20E itself is uncertain. Since the effect of 20E 
supplementation in vitro is transient [11] and it 
requires high volume with prolonged ingestion of 
20E in vivo [9,10]. To support this notion, daily 
gavage of 20E at 50 mg/kg for 28 days increased 
grip strength in rats [10]. Additionally, skeletal 
muscle fiber size is increased in rats treated with 
5 mg/kg of 20E by daily subcutaneous injection 
for 21 days [9]. On the contrary, oral ingestion 
with 200 mg/kg of 20E for a short period (4 h) in 
overnight fasted rats did not activate skeletal 
muscle protein synthesis signaling, i.e., 
phosphorylations of Akt, mTOR, and 4E-BP1 
proteins [13]. Indeed, 90% of 20E injected 
intravenously was eliminated from blood plasma 
within 8.15 min in mice [14]. In addition, plasma 
20E concentration in overnight fasted rat was 
detected at low bioavailability level after oral 
gavage of 20E at dose 200 mg/kg [13]. In 
humans, 20E had the effective half-life for 9 h 
[15] and its main metabolite (deoxyecdysone) 
was secreted within 21 h [16]. These cumulative 
evidences suggest the rapid metabolism of 20E 
with short half-life after administration into 
rodents and humans. To explore the metabolism 
of 20E in mammals, Kumpun and her colleague 
studied the metabolic fate of 20E after 
intraperitoneal (IP) injection in mice using 
radiolabeling technique. The results revealed 14-
deoxy-20-hydroxyecdysone, poststerone, and 
14-deoxypoststerone were the major 20E 
metabolites [17]. However, the effects of these 
20E metabolites on skeletal muscle cell growth 
are unknown. 
 
Furthermore, ecdysteroids have been reported to 
use as dietary natural compound for improving 
physical performance in the athletes by 
increasing skeletal muscle mass without 
androgenic side effects [18]. Recent study 
demonstrated that skeletal muscle hypertrophy 

after 20E ingestion positively correlated with 
increasing of serum insulin-like growth factor 1 
(IGF-1) in rats [9]. Since the effect of 20E on 
skeletal muscle protein synthesis was proposed 
to mediate through rapid Ca2+ flux that activates 
Akt pathway [11] which is the downstream 
signaling of IGF-1 [19]. These findings raise the 
possibility of the synergistic effect of 20E and 
IGF-1 to enhance skeletal muscle mass in 
mammals. Nevertheless, whether 20E and its 
metabolites act together with IGF-1 to enhance 
skeletal muscle cell growth are not yet clarified. 
Therefore, the aim of this study was to 
investigate the effect of 20E and its metabolites 
and their synergistic effect with IGF-1 on 
regulation of skeletal muscle cell growth. 
 

EXPERIMENTAL 
 
Chemicals and reagents for biological testing 
 
Cell culture reagents were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA) 
including Dulbecco’s Modified Eagle’s Medium 
(DMEM) (12800-017), Hyclone® DMEM without 
phenol red (SH30284.02), fetal bovine serum 
(10270-106), horse serum (16050-122), normal 
goat serum (PCN5000), penicillin-streptomycin 
(15140-122), and Trypsin-EDTA (0.5%) no 
phenol red (15400-054). The following chemicals 
and reagents were purchased as indicated: 
mouse monoclonal anti-myosin heavy chain (05-
716) (Upstate, Temecula, CA ,USA); Dimethyl 
sulfoxide (DMSO) (102952), ethanol for 
molecular biology (108543) (Merck Millipore, 
Billerica, MA, USA), Glycine (4810) (Calbiochem, 
San Diego, CA, USA); Mouse monoclonal anti-
MYH3 (F1.652) antibody (sc-53091), mouse 
monoclonal anti-MyoD (G-1) antibody (sc-
377460), and rabbit polyclonal anti-androgen 
receptor (N-20) antibody (sc-816) (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA); Goat anti-
mouse Alexa Fluor® 488 secondary antibody 
(ab150117) and goat anti-rabbit Alexa Fluor® 568 
secondary antibody (ab175695) (Abcam, 
Cambridge, UK); Rhodamine Phalloidin (R415) 
and 4',6-diamidino-2-phenylindole (DAPI) (D1306) 
(Thermo Fisher Scientific, Waltham, MA, USA); 
20-hydroxyecdysone (≥93% HPLC) (H5142), 
LONG®R3 IGF-I human recombinant analog 
(I1271), 5α-Androstan-17β-ol-3-one (A8380), 
Thiazolyl Blue Tetrazolium Bromide (M5655), 5-
Bromo-2′-Deoxyuridine (BrdU) (B5002), mouse 
monoclonal anti-BrdU antibody (B2531), and 
Triton X-100 (X100) (Sigma-Aldrich, St. Louis, 
MO, USA); Paraformaldehyde (PFA) (15713) 
(Electron Microscopy Sciences, Hatfield, PA, 

USA); Rabbit monoclonal anti-IGF-1 receptor  
antibody (9750) (Cell Signaling Technology, 
Beverly, MA, USA). 
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Synthesis of 20E and its metabolites  
 
The crude extract of the bark of Vitex glabrata was 
purified by column chromatography and 
crystallization to obtain pure 20E. The structure of 
20E was confirmed by spectroscopic means (IR, 
NMR, and MS) [20] and used as a precursor 
compound in this study. The processes for 
synthesis of 20E metabolites were performed as 
described in the literature method [17]. For 14-
deoxy-20-hydroxyecdysone (14D-20E) synthesis, 
20E (800 mg, 1.67 mmol) and Zn powder (1.0 g) 
were dissolved in 8 ml glacial acetic acid and the 
reaction was stirred at 670C overnight. The 
progress of reaction was monitored by thin-layer 
chromatography (TLC). The reaction mixture was 
filtered through cotton to remove Zn powder and 
washed with MeOH. Solvent was evaporated 
under reduced pressure to dryness. The crude 
extract was purified by column chromatography 
using CH2Cl2-MeOH as solvent by gradually 
increase the more polar component. 14D-20E 
(347.8 mg, 45%) was obtained as amorphous 
solid. Poststerone (POST) (300 mg, 0.83 mmol), 
which was prepared from 20E was subjected to 
reduction in the same manner as described in 
case of 20E. The product was purified by column 
chromatography using CH2Cl2-MeOH as solvent 
by gradually increase the more polar component 
to give 14-deoxypoststerone (14D-POST) (176.4 
mg, 62%). The structures of synthesized 14D-20E, 
POST, and 14D-POST were characterized by 
spectroscopic methods (IR, NMR, and MS) which 
were consistent with the previously reported 
values [17]. 
 
In vitro study model 
 
Mouse skeletal muscle cell line (C2C12) was 
obtained from American Type Culture Collection 
(ATCC) (CRL-1772). This cell line has been 
widely used to study skeletal muscle cell 
proliferation and differentiation [21-27]. Myogenic 
characteristic of C2C12 cell line was determined 
using myoblast determination protein (MyoD) [28]. 
C2C12 myoblasts (undifferentiated cells) were 
cultured in growth medium with reduced serum 
condition (DMEM + 5% fetal bovine serum) for 
cell proliferation study [25]. For myogenic 
differentiation capacity assessment, C2C12 
myoblasts were cultured in regular growth 
medium (DMEM + 10% fetal bovine serum) until 
reach 70-80% confluency, then growth medium 
was changed to differentiation medium (DMEM + 
2% horse serum) to induce differentiation of 
C2C12 myoblasts to form differentiated 
myotubes [29]. 20E derived from the bark of 
Vitex glabrata [20E (VG)] and its metabolites 
(14D-20E, POST, and 14D-POST) were used to 
test the effect of 20E and its metabolites on 

skeletal muscle cell growth during proliferation 
and differentiation stages. Moreover, 20E 
commercially available from Sigma-Aldrich [20E 

(SM)] (93% High-performance liquid 
chromatography, HPLC) was also tested to 

compare its effect with 20E (VG) (99% HPLC) 
in this study. For co-treatment with IGF-1, cells 
were co-treated with 20E and its metabolites plus 
IGF-1 at concentration 10 ng/ml. Ethanol (0.1% 
final concentration) served as vehicle for 20E 
and its metabolites. 
 
MTT assay 
 
To evaluate the toxicity of 20E and its 
metabolites on skeletal muscle cells, cells were 
seeded in a 96-well plate for cell viability 
assessment. Cells were daily treated with 20E 
and its metabolites (14D-20E, POST, and 14D-
POST) at 0.1, 1, and 10 µM (final concentration) 
for 48 h in growth medium with reduced serum 
condition or daily treated for 5 days in 
differentiation medium for an evaluation of the 
toxicity on C2C12 myoblasts and myotubes, 
respectively. For 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, cells 
were rinsed with PBS and incubated with DMEM 
without phenol red containing 10% MTT solution 
for 4 h at 37⁰C [30]. Thereafter, medium 
containing MTT was removed and incubated with 
DMSO for 15 min. Spectrophotometric 
absorbance at 570 nm wavelength was 
determined using Wallac 1420 VICTOR2™ 
microplate reader (PerkinElmer, Waltham, MA, 
USA). 
 
BrdU incorporation assay  
 
Cell proliferation was examined after C2C12 
myoblasts were daily treated with 20E and its 
metabolites (14D-20E, POST, and 14D-POST) at 
0.1, 1, and 10 µM (final concentration) in growth 
medium with reduced serum condition for 48 h 
(solely treatment vs. co-treatment with IGF-1). 
The number of proliferating cells was determined 
using BrdU incorporation assay [31]. Briefly, 
BrdU at 10 µM (final concentration) was applied 
to the cells at 47 h after treatments for 1 h 
duration before immunocytochemical (ICC) 
analysis. The processes of fixation and 
denaturing DNA for BrdU staining were 
performed as previously described. The 
percentage of changes of BrdU+ cells/total cell 
number compared to vehicle- or IGF-1-treated 
group was used to determine the effect of 20E 
and its metabolites on skeletal muscle cell 
proliferation. Six images were randomly captured 
at magnification ×100 using Olympus Inverted 
Fluorescence Microscope Model IX83 (Olympus, 
Tokyo, Japan). The quantitative analysis of the 
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ratio of BrdU+ cells to the total cell number was 
performed using cellSens Dimension Desktop 
software (Olympus, Tokyo, Japan). 
 
Cell differentiation assessment 
 

To assess the myogenic differentiation capacity, 

20E and its metabolites (14D-20E, POST, and 

14D-POST) at 0.1, 1, and 10 µM (final 

concentration) were daily treated to the cells for 5 

days during differentiation (solely treatment vs. 

co-treatment with IGF-1). The first treatment was 

conducted on the initial day of switching the 

culture medium from growth medium to 

differentiation medium. Myogenic differentiation 

capacity was determined by quantifying the 

expression of differentiation marker protein 

according to the previously studied [29]. Fifteen 

images were randomly captured at magnification 

×100 using Olympus Inverted Fluorescence 

Microscope Model IX83 for quantitative analysis 

of embryonic myosin heavy chain (EbMHC) and 

MHC protein expression. Moreover, histological 

features of differentiated myotubes that are 

characterized as the cells with minimum of five 

nuclei fusion and positively expressed 

differentiation marker protein [32] were 

evaluated. Myotube diameter was determined by 

measuring the widest diameter of differentiated 

myotubes and the number of myotubes per field 

was counted per treatment condition. 

Quantitative analysis for cell differentiation 

assessment was performed using cellSens 

Dimension Desktop software (Olympus, Tokyo, 

Japan). 

 

Androgen receptor and IGF-1 receptor protein 

expression analysis 

To investigate the localization and expression of 

androgen receptor (AR) [33] and IGF-1 receptor 

(IGF-1R) [34] proteins that have been reported in 

the differentiated myotubes. 20E and its 

metabolites (14D-20E, POST, and 14D-POST) at 

1 µM (final concentration) were daily treated to 

the differentiated myotubes for 5 days during 

differentiation stage. The effective doses of 

dihydrotestosterone (DHT) (100 nM) [35] and 

IGF-1 (10 ng/ml) [36] were used as positive 

controls. Double-labelling of IGF-1R and EbMHC 

proteins was performed to clarify the expression 

of IGF-1R in differentiated myotubes after 20E 

and its metabolites were co-treated with IGF-1. 

DAPI was applied to visualize nuclei. 

Representative images were taken at 

magnification ×200 using Olympus Inverted 

Fluorescence Microscope Model IX83 (Olympus, 

Tokyo, Japan). 

Immunocytochemical analysis 
 
For immunostaining processes, cells were fixed 
with 4% PFA for 10 min, permeabilized with 0.1% 
Triton X-100 for 5 min (additional step for nuclear 
localization protein) as previously described [37], 
and followed by blocking non-specific reactivity 
with 5% normal goat serum for 30 min. 
Thereafter, primary antibodies were incubated for 
1 h and followed with incubation of goat anti-
mouse Alexa Fluor® 488 or goat anti-rabbit Alexa 
Fluor® 568 for 1 h. For double-labelling of MyoD 
and F-actin, cells were post-fixed with 4% PFA 
for 5 min after MyoD staining followed by quench 
excess aldehyde with 0.1 M glycine for 5 min. 
Thereafter, tetramethylrhodamine isothiocyanate 
(TRITC)–conjugated phalloidin (Rhodamine 
Phalloidin) (1:100) was incubated for 15 min [37]. 
Nuclei were stained with DAPI for 5 min and the 
stained cells were preserved in the mounting 
medium prior to being visualize under Olympus 
Inverted Fluorescence Microscope Model IX83 
(Olympus, Tokyo, Japan).  
 
Statistical Analysis 
 

Data are presented as meanSEM. Normal 
distribution and the homogeneity of variance 
were analyzed prior to comparison the data 
among groups. One-way ANOVA with Turkey 
post-hoc test or Kruskal-Wallis test was used to 
determine the significant difference between 
groups where appropriate. Statistical significance 
was analyzed with SPSS and p<0.05 was 
considered a significant difference among 
groups. 
 

RESULTS 
 
20E and its metabolites had no toxicity on 
skeletal muscle cells 
 
In the current study, 20E from Vitex glabrata was 
used as a starting material to synthesize 20E 
metabolites (14D-20E, POST, and 14D-POST) 
and their chemical structures are illustrated in 
Figure 1A. Nevertheless, the toxicity of 20E and 
its metabolites on skeletal muscle cell has not 
been reported elsewhere. Therefore, skeletal 
muscle cell viability in response to the treatments 
of 20E and its metabolites was determined prior 
conducting the subsequent experiments. 
Myogenic characteristic of mouse skeletal 
muscle cell line (C2C12) used in this study was 
identified using MyoD staining and double-
labelled with F-actin as illustrated in Figure 1B. 
The results revealed that 20E and its metabolites 
had no toxicity effect on both undifferentiated 
skeletal muscle cells (myoblast) (Figure 1C) and 
differentiated skeletal muscle cells (myotube) 
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(Figure 1D) compared to vehicle as assessed by 
MTT assay. Of these, non-toxicity effect was 
similar observed when the cells treated with 20E 

(SM) (93% HPLC) vs. 20E (VG) (99% HPLC) 
(Figure 1C-1D). 

 
 

 
Figure 1 Structures of 20E and its metabolites and the toxicity testing on skeletal muscle cell 
(A) Chemical structures of 20-hydroxyecdysone (20E), 14-deoxy-20-hydroxyecdysone (14D-20E), poststerone 
(POST), and 14-deoxypoststerone (14D-POST). (B) Nuclear localization of MyoD protein indicates myogenic 
characteristic of C2C12 cell line. F-actin and nuclei were visualized using Rhodamine Phalloidin and DAPI 

staining, respectively. Images were taken at magnification 200, scale bars = 100 µm. (C-D) Viability of C2C12 
myoblasts and myotubes after treated with 20E [commercially available from Sigma-Aldrich; 20E (SM) or 
extracted from the bark of Vitex glabrata; 20E (VG)], and its metabolites (14D-20E, POST, and 14D-POST) at 
0.1, 1, and 10 µM (final concentration). Representative images of C2C12 myoblasts and myotubes (C-D) were 

taken at magnification 40 using Nikon Eclipse TS100 (Nikon, Tokyo, Japan). Ethanol (0.1% final concentration) 
served as vehicle. Data are expressed as percentage of changes compared to vehicle group (n=3 independent 
experiments). NS indicates not statistically significant  
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Effects of 20E and its metabolites on skeletal 
muscle cell proliferation and differentiation 
 
The effect of 20E and its metabolites on 
myoblast proliferation was evaluated using BrdU 
incorporation assay (Figure 2A). The results 
demonstrated that no significant changes in the 
percentage of BrdU+ cell after solely treatments 
of 20E, 14D-20E, POST, and 14D-POST 

compared to vehicle (Figure 2B). To further 
assess the effect of 20E, 14D-20E, POST, and 
14D-POST on myogenic differentiation capacity, 
the differentiation markers of skeletal muscle 
cells including EbMHC and MHC were 
investigated using ICC analysis (Figure 2C and 
2E). The results revealed no significant 
differences of  

 

 
 

Figure 2: Effects of 20E and its metabolites on skeletal muscle cell proliferation and differentiation Cells were 
treated with 20E [commercially available from Sigma-Aldrich; 20E (SM) or extracted from the bark of Vitex 
glabrata; 20E (VG)], and its metabolites (14D-20E, POST, and 14D-POST) at 0.1, 1, and 10 µM (final 
concentration). (A) Representative image of BrdU+ cell (C2C12 myoblasts); (C and E) Representative images of 
EbMHC and MHC protein expression (C2C12 myotubes). Nuclei were visualized with DAPI and images were 

taken at the magnification 100, scale bars = 200 µm. Quantitative analysis on the percent changes in (B) BrdU+ 

cell, (D and F) EbMHC and MHC protein expression, and (G-H) histological features of differentiated myotubes. 
Ethanol (0.1% final concentration) and IGF-1 (10 ng/ml) represent vehicle and positive control, respectively. Data 
are expressed as percentage of changes compared to vehicle group (n=3 independent experiments). *p<0.05 
and ***p<0.0001 indicates significant difference compared to vehicle group. NS indicates not statistically 
significant 
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EbMHC (Figure 2D) and MHC (Figure 2F) 
protein expression after the cells were treated 
with 20E and its metabolites during differentiation 
stage compared to vehicle-treated. Furthermore, 
no significant changes of myotube diameter 
(Figure 2G) and myotube number (Figure 2H) 
support the absence of positive effect of 20E, 
14D-20E, POST, and 14D-POST on myogenic 
differentiation capacity. In contrast, IGF-1 
treatment enhanced myogenic differentiation 
capacity by increasing EbMHC (p<0.0001) 
(Figure 2D), MHC (p<0.05) (Figure 2F), and 
myotube number (p<0.05) (Figure 2H). 
Altogether, solely treatment of 20E and its 
metabolites had no effects on skeletal muscle 
cell proliferation and differentiation. 
 
20E and its metabolite treatments had no 
effect on androgen receptor protein 
expression 
 
Since 20E has no endogenous receptor in the 
mammalian tissues, however, the similarity of its 
core structure as steroid backbone raise the 
possibility of mammalian steroid receptor 

activation. The result demonstrated that 20E, 
14D-20E, POST, and 14D-POST had no effect 
on androgen receptor protein expression 
compared to DHT treatment. Nuclear localization 
of AR protein expression was evident after DHT 
treatment in which none of 20E and its 
metabolites elicit the similar effect (Figure 3). 
These results indicate AR protein expression in 
skeletal muscle cell is not regulated by 20E and 
its metabolites. 
 
No synergistic effect of 20E and its 
metabolites after co-treatment with IGF-1 on 
skeletal muscle cell growth 
 
To clarify the potential synergistic effect of 20E 
with IGF-1, 20E and its metabolites were co-
treated with IGF-1 to investigate the proliferative 
and myogenic differentiation capacities. The 
results revealed co-treatment of 20E and its 
metabolites with IGF-1 had no synergistic effect 
on the changes of percentage of BrdU+ cell 
(Figure 4A), EbMHC and MHC protein 
expression (Figure 4B-C), and histological 

 

 
 
Figure 3: AR protein expression in response to the treatments of 20E and its metabolites  
Representative images of AR protein expression in differentiated myotubes after treated with 20E [commercially 
available from Sigma-Aldrich; 20E (SM) or extracted from the bark of Vitex glabrata; 20E (VG)], and its 
metabolites (14D-20E, POST, and 14D-POST) at 1 µM (final concentration) during differentiation stage. Nuclei 

were visualized with DAPI and images were taken at the magnification 200, scale bars = 100 µm. Ethanol (0.1% 
final concentration) and DHT (100 nM) represent vehicle and positive control, respectively 
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features of differentiated myotubes (Figure 4D-E) 
compared with IGF-1 treatment alone. This 
anabolic effect of IGF-1 was associated with an 
increase of IGF-1R in the differentiated 
myotubes. Nevertheless, none of 20E and its 
metabolites had an effect on IGF-1R protein 
expression and histological features of 
differentiated myotubes when co-treated with 
IGF-1. The representative images of IGF-1R in 
differentiated myotubes after co-treatment of 20E 
and its metabolites with IGF-1 compared with 
IGF-1 treatment alone are illustrated in Figure 5. 
 

DISCUSSION 
 
This study investigated the effects of 20E and its 
metabolites and their synergistic effect with IGF-
1 on skeletal muscle cell growth. The major 
findings are (1) 20E and its metabolites had no 
toxicity effect on skeletal muscle cell; (2) 

treatments of 20E and its metabolites had no 
effects on skeletal muscle cell proliferation and 
myogenic differentiation capacity; (3) no 
synergistic effect of 20E and its metabolites 
when co-treated with IGF-1 on skeletal muscle 
cell growth. The lack of anabolic effect of 20E 
and its metabolites was associated with no 
effects on AR and IGF-1R protein expression. 
 
In the current study, 20E had no effect on 
skeletal muscle cell viability at any stage of 
skeletal muscle cell growth (proliferation and 
differentiation). These results support very low 
toxicity of 20E in mammal, as LD50 of 20E was 
6.4 g/kg after IP administration and no fatality in 
mice up to 9 g/kg oral administration was 
reported [38]. However, 20E has been found to 
be metabolized rapidly in mice and human 
[14,15]. Therefore, 20E metabolites rather than 

 

 
 
Figure 4: Effects of 20E and its metabolites co-treated with IGF-1 on skeletal muscle cell proliferation and 
differentiation 
Cells were treated with 20E [commercially available from Sigma-Aldrich; 20E (SM) or extracted from the bark of 
Vitex glabrata; 20E (VG)], and its metabolites (14D-20E, POST, and 14D-POST) at 0.1, 1, and 10 µM (final 
concentration) plus IGF-1 (10 ng/ml). Quantitative analysis on the percent changes of (A) BrdU+ cell, (B-C) 
EbMHC and MHC protein expression, and (D-E) histological features of differentiated myotubes. Data are 
expressed as percentage of changes after the cells were treated with 20E and its metabolites plus IGF-1 
compared to IGF-1 treatment alone (n=3 independent experiments). NS indicates not statistically significant 
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Figure 5: IGF-1R protein expression in response to 20E and its metabolites co-treated with IGF-1 
Representative images of IGF-1R protein expression in differentiated myotubes after treated with 20E 
[commercially available from Sigma-Aldrich; 20E (SM) or extracted from the bark of Vitex glabrata; 20E (VG)], 
and its metabolites (14D-20E, POST, and 14D-POST) at 1 µM (final concentration) plus IGF-1 (10 ng/ml) 
compared to IGF-1 treatment alone. EbMHC protein expression and DAPI were used to indicate the differentiated 
myotubes and nuclei, respectively. IGF-1R protein mainly localized in the cytoplasm of the differentiated 

myotubes. Images were taken at the magnification 200, scale bars = 100 µm 
 

20E itself could play a major role of 20E action in 
the body. Unfortunately, no available information 
on the toxicity of 20E metabolites on skeletal 
muscle cell viability has been demonstrated. 
Herein, 20E metabolites (14D-20E, POST, and 
14D-POST) that could occur after several 
reaction steps by the liver and gut bacteria also 
had no toxicity comparable to 20E. These results 
suggest that 20E and its metabolites are non-

toxic substances to skeletal muscle cell and they 
have a potential to use targeting skeletal muscle. 
 
Skeletal muscle cell proliferation is an important 
process on skeletal muscle cell growth, i.e., 
expansion of skeletal muscle stem cell number 
during muscle regeneration after injury [39]. 
Hence, the proliferative effect of 20E and its 
metabolites on skeletal muscle cell was 
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evaluated. The result revealed no proliferative 
effect was observed after the cells treated with 
20E. In addition, the removal of the side chain or 
hydroxyl group from the 14-position of 20E 
structure as occurs during 20E metabolism also 
had no effect on cell proliferation. The lacking 
effect on skeletal muscle cell proliferation 
suggest 20E and its metabolites are not the 
growth-promoting factor that regulate cell division 
to enhance skeletal muscle cell growth. In 
contrast, the proliferative effect of 20E in 
silkworm (Bombyx mori) during pupal wing 
development was reported [40]. These contradict 
results between insect and mammalian cell 
suggest 20E action on cell proliferation is species 
specific. 
 
Increasing of skeletal muscle fiber size (i.e., 
muscle hypertrophy) requires stimulation of 
muscle protein synthesis and enhance myogenic 
differentiation capacity. Initially, the anabolic 
effect of 20E was proposed via activation of G 
protein-coupled receptor that raising intracellular 
Ca2+ and lead to induce Akt phosphorylation, 
resulting in increased protein synthesis of 
skeletal muscle cell [11]. Increasing of C2C12 
myotube diameter and skeletal muscle fiber size 
after 20E treatment was also reported in the 
following studies [9,41]. Nevertheless, another 
investigations revealed no anabolic effect after 
treatment of 20E to either skeletal muscle cell or 
rodent [13,42]. Akt phosphorylation was not 
changed after skeletal muscle cells treated with 
20E at various concentrations (0.1, 1, 10, and 60 
µM) [42]. Moreover, 20E did not activate Akt 
phosphorylation or increase phosphorylation of 
mTOR and 4E-BP1 proteins in hindlimb muscle 
of rats when compared to leucine [13]. These 
results suggest ambiguous evidence about the 
effects of 20E on increasing skeletal muscle 
protein synthesis to support its effect on skeletal 
muscle growth.  
 
On the contrary to the previous investigations 
that focused on protein synthesis signaling, 
myogenic differentiation capacity was verified in 
this study to evaluate the effect of 20E and its 
metabolites on skeletal muscle cell growth. The 
results revealed no significant changes of 
EbMHC and MHC protein expression and 
histological features of differentiated myotubes 
after treatments of 20E and its metabolites. 
These results support the lacking of anabolic 
effect of 20E on skeletal muscle cell growth 
[13,42]. Nonetheless, the anabolic effect of 20E 
in some of the previous studies could not be 
excluded. Since the effects of ecdysteroid-
containing plant extracts, i.e., spinach and 
A.turkestanica extracts could stimulate protein 
synthesis of C2C12 myotubes, although the high 

concentrations were required to elicit the 
significant effect [10]. These results suggest an 
important of mixture of the other compounds in 
the extracts with 20E to enhance the effect on 
skeletal muscle protein synthesis. Moreover, the 
modification at specific sites of 20E chemical 
structures demonstrated the significant impact on 
Akt signaling which is the regulatory pathway of 
skeletal muscle protein synthesis compared to 
20E precursor [42]. This latter finding indicates 
20E metabolites (14D-20E, POST, and 14D-
POST) in the current study may not have the 
polarity or chemical structure that could enhance 
skeletal muscle cell growth. 
 
Since ecdysone receptors are specifically 
expressed in arthropods, hence the effects of 
20E on skeletal muscle cell growth in mammals 
remain unclear. ICC analysis in this study 
revealed lack of an increased in AR protein 
expression after the differentiated myotubes 
were treated with 20E and its metabolites. This 
result was supported by barely detection of 20E 
binding affinity on AR using receptor-binding 
assay [10]. Nevertheless, recent studies revealed 
the effects of 20E on skeletal muscle hypertrophy 
mediated through estrogen receptor beta [9,41]. 
Unfortunately, the present results on myogenic 
differentiation capacity and histological features 
of differentiated myotubes after treated with 20E 
and its metabolites do not support the anabolic 
effect of 20E on skeletal muscle hypertrophy.  
Despite lacking the strong evidence on how 20E 
enhances skeletal muscle cell growth, previous 
studied report that 20E increased muscle fiber 
size and its anabolic effect correlated with 
increasing serum IGF-1 in vivo [9]. This evidence 
suggest the possible synergistic effect of 20E 
with IGF-1 to enhance skeletal muscle growth. 
Herein, IGF-1 enhanced myogenic differentiation 
capacity of skeletal muscle cell supports the well-
documented anabolic effect of IGF-1 through 
PI3K/Akt pathway [19]. However, no synergistic 
effect of 20E and its metabolites when co-treated 
with IGF-1 were evident in this study, although 
the underlying mechanism of 20E on regulation 
of skeletal muscle protein synthesis via raising 
intracellular Ca2+ and induction of Akt 
phosphorylation has been proposed [11]. 
Therefore, increase in skeletal muscle mass and 
serum IGF-1 after 20E supplementation in vivo 
may associate with indirect action of 20E on 
modulating IGF-1 level rather than its direct 
effect on skeletal muscle cell growth. To support 
this hypothesis, 20E treatment increased gene 
expression and secretion of Bombyx mori IGF-
like peptide in the fat body culture [43]. The effect 
of 20E on insect IGF-like peptide secretion was 
seen in the culture medium within 24 h and 
substantially increased at 48 h. This insect IGF-
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like peptide has the functions on growth and 
development comparable to the mammal IGF-1. 
Nonetheless, the modulation of IGF-1 level in 
mammals on regulating skeletal muscle growth 
occurs via action of 20E or its metabolites remain 
warranted. 
 

CONCLUSION 
 
Currently, the pharmacological effects of 20E on 
skeletal muscle that raises its therapeutic 
potential to increase muscle mass and strength 
have been documented. However, the direct 
anabolic effect of 20E on skeletal muscle cell 
growth is still ambiguous. The present results 
suggest that 20E and its metabolites have no 
direct or synergistic effect with IGF-1 on 
regulation of skeletal muscle cell growth. 
Nevertheless, an increasing of skeletal muscle 
mass and strength in mammals after 20E 
supplementation in vivo may associate with its 
indirect action on modulating IGF-1 level rather 
than the direct effect on skeletal muscle cell. 
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