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Abstract

We have reported on the capacity of (-)-epicatechin ((-)-EPI) to stimulate mitochondrial
biogenesis (MiB) in mouse skeletal muscle (SkM). However, the mechanisms mediating the
effects of (-)-EPI are not fully understood. We previously identified a role of the G-protein
coupled estrogen receptor (GPER) in modulating the vascular effects of (-)-EPI. We therefore
tested the hypothesis that GPER mediates (at least in part) the stimulatory effects of (-)-EPI on
MiB in SKM cells. As an /n vitro model, we employed mouse SkM-derived C2C12 myoblasts
differentiated into myotubes. Using confocal microscopy, we detected GPER at the cell surface
and cytoplasm in C2C12 myotubes. Treatment with (=)-EPI (3 and 10 uM) resulted in the
stimulation of MiB as per increases in mitochondrial inner (MitoTracker Red FM fluorescence
staining) and outer membrane (porin protein levels) markers, transcription factors involved in MiB
stimulation (i.e., nuclear respiratory factor-2 [NRF-2] and mitochondrial transcription factor A
[TFAM] protein levels) and citrate synthase (CS) activity levels. (-)-EPI-treated myotubes were
longer and wider compared to vehicle-treated myotubes. The effects of (-)-EPI on myotube
mitochondria and cell size were larger in magnitude to those observed with the GPER agonist G-1.
The chemical blockade and down-regulation (siRNA) of GPER evidenced a partial and complete
blockade of measured endpoints following (-)-EPI- or G-1-treatment, respectively. Altogether,
results indicate that GPER is expressed in muscle cells and appears to mediate to a significant
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extent, the stimulatory effects of (—)-EPI on MiB. Thus, GPER activation may account for the
stimulatory effects of (-)-EPI on SkM structure/function.

Graphical Abstract
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1. Introduction

There is great interest in identifying compounds present in natural products that may aid in
preserving and/or enhancing skeletal muscle (SkM) structure and function (Craig et al.,
2015; Handschin, 2016). In this regard, our research group has provided evidence as to how
a natural, small molecule present in high concentrations in cocoa that belongs to the family
of flavanols, (-)-epicatechin ((-)-EPI) (Bhagwat, 2014), is capable of augmenting or
restoring exercise capacity in mice (Nogueira et al., 2011) and humans (Ramirez-Sanchez et
al., 2013; Taub et al., 2016). Such effects are linked to the stimulation of mitochondrial
biogenesis (MiB) and function (Nogueira et al., 2011) via upstream activation of key
inducers for both processes, including the AMP activated protein kinase (AMPK)
(Papadimitriou et al., 2014; Si et al., 2011) and endothelial (¢) and neuronal (n) nitric oxide
synthases (eNOS, nNOS) (Moreno-Ulloa et al., 2013; Moreno-Ulloa et al., 2015a; Moreno-
Ulloa et al., 2014; Ramirez-Sanchez et al., 2010). We demonstrated that (-)-EPI stimulates
the activation of eNOS triggered by cell-surface receptors in endothelial cells (Moreno-Ulloa
et al., 2015a). Furthermore, using /n silico, in vitro and ex vivo approaches we provided
evidence for the G-protein coupled estrogen receptor (GPER) acting as a candidate receptor
for the vascular effects of (—)-EPI (Moreno-Ulloa et al., 2015a).

GPER is expressed in multiple tissues including SkM. However, its role in mediating
changes in SkM structure and function is poorly understood (Prossnitz and Barton, 2011).
Interestingly, the activation of GPER by the selective agonist, G-1 and natural estrogen 17§-
estradiol, stimulates MiB in cardiac muscle and cultured cardiomyocytes, (Shert-Roig et al.,
2016). We therefore hypothesized, that (=)-EPI stimulates MiB in SkM cells (at least in part)
via the activation of GPER. To address this issue mouse SkM-derived C2C12 myaoblasts
differentiated into myotubes were used as well as selective GPER agonists, antagonists and
receptor (gene) silencing approaches.
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2. Materials and Methods

2.1 Materials and reagents

Fetal bovine serum (FBS) was purchased from Biowest (México), antibiotic-antimitotic
solution and Dulbecco’s Modified Eagle’s Media (DMEM)/Ham’s F12 (DMEM/F-12)
(50/50 mix) with glutamine, HEPES and phenol red were from Mediatech Cellgro, Inc.
(Herndon, VA, USA). BSA was from Amresco (Solon, OH). Hank's Balanced Salt Solution
(HBSS) without phenol red, horse serum (HS), Halt™ protease and phosphatase inhibitor
cocktail, DAPI (4’, 6-Diamidino-2-Phenylindole, Dihydrochloride), Lab-Tek 1l chamber
slides, MitoTracker® Red FM, ActinGreen™ 488 ReadyProbes® reagent, Hoechst 33258,
Pentahydrate (bis-Benzimide)-FluoroPure™ Grade, Opti-MEM | Reduced Serum Media,
DMEM/F-12 (with glutamine and HEPES) without phenol red, and methanol-free
formaldehyde (16 % in solution) were from Thermo Fisher Scientific (Waltham, MA, USA).
Endo-porter transfection reagent was from Gene Tools (Philomath, OR, USA). Corning®
CelIBIND cell culture multiwell (6, 12 and 24 wells) plates, (-)-EPI, MISSION® siRNA
Universal Negative Control #1, protease inhibitor cocktail, Thiazolyl Blue Tetrazolium
Bromide (MTT) and dimethyl sulfoxide (DMSO) were obtained from Sigma Aldrich (St.
Louis, MO, USA). Anti-GPER, GPER (mouse) specific siRNA and siRNA dilution buffer
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibodies, mouse
anti-voltage-dependent anion-selective channel 1 (VDAC-1)/porin, rabbit anti-nuclear
respiratory factor 2 (NRF-2) and rabbit anti-transcription factor A, mitochondrial (TFAM),
MitoBiogenesis™ In-Cell ELISA Kit (colorimetric), secondary donkey anti-rabbit 1gG
conjugated to Alexa Fluor 594 were from Abcam (Cambridge, MA, USA). Rabbit anti-
GAPDH primary antibody and anti-rabbit and -mouse horseradish peroxidase (HRP)-
conjugated secondary antibodies were from Cell Signaling (Danvers, MA, USA).
VECTASHIELD mounting medium with DAPI was from Vector Laboratories Inc.
(Burlingame, CA, USA). Immobilon-P Membrane, PVDF transfer membrane was from
EMD Millipore (Bedford, MA, USA). Enhanced chemiluminescence Plus Western blot
detection kit was from Amersham Biosciences (Piscataway, NJ, USA). G-36 and G-1 were
from Cayman Chemical (Ann Harbor, MI, USA). Citrate synthase (CS) activity kit was from
Science Cell-Research Laboratories (Carlsbad, CA, USA).

2.2. Cell culture

Mouse C2C12 myoblasts were purchased from the American Type Culture Collection
(ATCC, VA, USA). Cells were maintained at 37 °C in an incubator with humidified
atmosphere of 5% CO, and cultured in DMEM/F12 medium supplemented with 10% FBS
and 1% antibiotic and antimitotic solution. Undifferentiated myoblasts were kept under sub-
confluent conditions to avoid differentiation. In order to differentiate myoblasts into
myotubes, FBS was replaced by 2% HS when myoblasts reached = 80% confluence.
Corning® CellBIND® tissue culture plates were used for experiments due to improved
differentiation rate on this surfaces. The differentiation medium was replaced every day and
myotube formation was monitored by transmitted-light microscopy (EVOS® XL Imaging
System). Treatments were applied when myotube formation was = 80%. We used cells
between passages 6-8 for all experiments.
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2.3. Immunofluorescence

C2C12 myoblasts were seeded onto glass slides pre-coated with 0.1% gelatin, and incubated
for 24 h in growth medium and differentiated accordingly. When ready for visualization,
myotubes were washed with PBS and then fixed with a freshly-prepared cold 4%
formaldehyde in PBS solution for 10 min. Cells were permeabilized by washing them 3 x 5
min in PBS containing 0.1% Triton X-100, at room temperature. Thereafter, cells were
blocked with 3% BSA and 0.3 M glycine (to quench free aldehydes from fixation) in PBS
solution for 1 h. Next, slides were incubated with a polyclonal antibody against the GPER
N-terminal domain (Moreno-Ulloa et al., 2015a) (1:100, 3 % BSA in PBS) overnight at 4°C
and thereafter washed 3% with PBS. Alexa Fluor 594-labeled anti-rabbit (1:400, PBS) was
then used as secondary antibody for 1 h at room temperature and washed 3x with PBS.
Finally, slides were dried vertically for 10 min and framed on VECTASHIELD mounting
medium with DAPI. Cells were imaged with an LSM 800 with Airyscan (ZEISS) super-
resolution confocal microscope at 4096 x 4096 pixel resolution with a 63x oil, N.A. 1.4
objective. Additionally, images were collected using an Olympus FVV1000 Inverted Confocal
IX81 Microscope at 1024 x 1024 pixel resolution with a 60x oil objective lens. Images were
processed with either Photoshop CS6 (Adobe version 13.0.6. x64) or ImageJ software (1.48
version).

2.4. Down-regulation of GPER by siRNA

C2C12 myoblasts were grown on 12-well plates and allowed to differentiate into myotubes
until 60-70% confluence. Thereafter, cells were incubated with 0.5 ml/well Opti-MEM 1
medium (no phenol red) containing Endo-porter (final concentration 6 uM, according to the
manufacturer’s instructions) and either non-targeting siRNA or GPER specific sSiRNA (final
concentration 0.1 uM) for 6 h. Next, media-containing Endo-porter was removed and fresh
DMEM/F-12 (no phenol red) differentiation medium was added to each well and cells were
incubated for an additional 48 h. Cells were then collected and proteins extracted as
described in section 2.10. GPER knockdown efficiency was assessed by Western blot
analysis as described in section 2.11.

2.5. Cell treatment

Compounds were usually applied to wells containing = 80% myotubes in DMEM/F-12
media without phenol red using 6-well, 12-well or 96-well plates. Drugs were used as
follows (concentration, preincubation [inhibitors] or incubation times [agonists]): G-36 (0.1
andl puM, 30 min), (-)-EPI (3 and 10 uM, 48 h), and G-1 (0.1-1 uM, 48 h). The 48 h
treatment time point was selected based on a previous study, whereby (-)-EPI significantly
stimulated MiB (Moreno-Ulloa et al., 2013). The GPER antagonist, G-36, was present
during ligand stimulation. G-36 and G-1 were dissolved in DMSO and (-)-EPI in water.
Accordingly, all wells contained an equal amount of DMSO (<0.5%) as vehicle during
ligand stimulation and thereof, titled as control in all plots. Media and compounds were
replaced every 24 h. For siRNA based experiments, myotubes were treated with either
DMSO (<0.5%) as vehicle, 10 uM (-)-EPI or 0.1 uM G-1 for 48 h after transfection (6 h)
+growth time points (48 h) as stated in section 2.5. Media and compounds were replaced
every 24 h. Accordingly, all wells contained Endo-porter transfection reagent.
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2.6. Cell viability

In order to assess the potential toxicity or proliferative effects of ligands on C2C12
myotubes, we performed a cell viability test (MTT) with different concentrations of the
compounds used. Ten thousand cells were seeded into clear 96-well flat bottom plates
(previously coated with 0.1% gelatin), allowed to grow for 24 h and then differentiated as
stated above. After 48 h of treatment, medium was aspirated from plates, cells washed once
with 100 pl HBSS and subsequently 100 pl of 0.5 mg/ml MTT in HBSS were added to each
well. Plates were incubated for 1 h at 37°C, followed by aspiration of MTT solution,
addition of 100 ul DMSO per well (to dissolve formazan crystals) and incubation at 37°C for
15 min. Cell viability was evaluated by changes in absorbance at 570 nm using an Epoch™
Microplate Spectrophotometer.

2.7. Cell morphology

Two types of image analysis were performed using ImageJ software (1.48 version) in order
to assess for changes in cell morphology after cell treatment with ligands: myotube width
and length. Myotubes were identified as elongated cells with at least two well-defined nuclei
by means of transmitted-light microscopy using 10x, 20x and 40x air objectives (EVOS™
XL Cell Imaging System) and fluorescence microscopy (EVOS® FLoid® Cell Imaging
Station) using a fixed 20x air objective. For visualization of myotubes cytoskeleton
morphology and cell perimeter, cells were fixed with a freshly-prepared cold 4%
formaldehyde in PBS solution for 10 min, washed with PBS and blocked with 3% BSA and
0.3 M glycine (to quench free aldehydes from fixation) in PBS solution for 1 h. Next, cells
were stained with ActinGreen™ 488 reagent (fluorescently-labeled phalloidin) and Hoechst
33258 (2 pg/ml) for 20 min at RT to visualize F-actin filaments and nuclei, respectively. In
each image (using 3 different random fields), up to 20 representative measurements of
myotubes width and length were collected. Cell length and width were calculated by tracing
lines (calibrated by image scale) along the cell long axis and across the wider portion of the
myotubes, respectively. All images were analyzed by two subjects blinded with respect to
allocation of treatments.

2.8. Assessment of MiB

As a means to evaluate the effects of (-)-EPI on MiB, we employed a MitoBiogenesis™ In-
Cell ELISA kit (MitoSciences Inc., Eugene, OR, USA) as per the manufacturer’s
instructions with minor modifications. This kit relies on the simultaneous detection of SDH-
A, a subunit of the succinate dehydrogenase or mitochondrial Complex 11 (nuclear DNA
[NDNA]J-encoded protein) and COX-I, a subunit of the cytochrome c oxidase or
mitochondrial complex IV (mitochondrial DNA [mtDNA]-encoded subunit), whereby an
increase in the ratio of COX-I/SDH-A indicates stimulation of MiB. Briefly, C2C12
myoblast were seeded (10,000 cells/well) in 96-well plates (coated with gelatin 0.1%) and
allowed to grow until they reached 70-80% confluence. Next, cells were switched to
differentiation medium for 3-5 d (when = 80 % myotubes were observed per field). Cells
were treated accordingly as stated in the section of 2.4. Thereafter, media were removed and
cells washed with PBS, and subsequently fixed with freshly prepared 4% formaldehyde in
PBS solution for 20 min. After cell fixation, the permeabilization, blocking, and antibody
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incubation processes were done according to the manufacturer’s instructions. Protein levels
of SDH-A and COX-I were measured at 405 nm and 600 nm wavelengths, respectively.
Additionally, in order to assess for differences in cell density, cell nuclei were stained with
DAPI for 30 min at RT, and images were taken using an EVOS® FLoid® Cell Imaging
Station. ImageJ software (1.48 version) was used for the analysis of cell density by counting
the number of nuclei in each well. The ratios of COX-1/DAPI, SDH-A/DAPI and COX-I/
SDH-A/DAPI were calculated.

2.9. Assessment of inner mitochondrial mass

Mitochondrial inner mass was evaluated by fluorescence microscopy (EVOS® FLoid® Cell
Imaging Station) in myotubes stained with MitoTracker Red FM (Presley et al., 2003).
Briefly, C2C12 myoblast cells were seeded onto 12-well plates (coated with 0.1% gelatin) at
a density of 20,000-50,000 cells per well and allowed to grow until they reached 70-80%
confluence. Myoblasts were differentiated until 280% myotubes were formed and treated as
described in section 2.4. Next, cells were washed with PBS and stained with 200 nM
MitoTracker Red FM for 30 min at 37 °C. Cells were washed with PBS and images (i.e.
transmitted-light and red fluorescent channels) immediately taken by a subject unaware
(blinded) of treatment allocation within the culture plates. Subsequently, two subjects
blinded with respect to the corresponding relationship between image and treatment,
calculated the corrected total cell fluorescence (CTCF) tool from Image J software (version
1.48) using the following equation: CTCF = Integrated density-(Area of selected cell x mean
fluorescence of background readings). At least 15 myotubes per field were recorded.

2.10. Total protein extraction

Cells were seeded onto 6-well plates at a density of 300,000 cells/well and allowed to
achieve 80% confluence. Cells were differentiated and treated as stated above in section 2.4,
and at the end of treatment, cells were washed 3x with cold HBSS (0.5 ml/well) and lysed in
200 pl of ice cold buffer (140 mmol/l NaCl, 2 mmol/l EDTA, 1% Triton X-100 and 0.1%
SDS, 1 mmol/l PMSF, 2 mmol/l NagVVO,4 and 1 mmol/l NaF in 50 mmol/I Tris-HCI solution)
supplemented with protease and phosphatase inhibitor cocktails. Homogenates were
sonicated for 10 min at 4°C, and centrifuged (20 817 x g) for 10 min to remove cell debris.
The supernatant was recovered and total protein concentration was measured using the
Bradford method.

2.11. Western blot

From the protein extraction step, 30 ug of protein was loaded onto a Bolt™ 4-12% Bis-Tris
Plus gel (10 wells), electrotransferred, incubated for 1 h in blocking solution (5% nonfat dry
milk [NFM] or 5% BSA in TBS [tris-buffered saline solution] plus 0.1% Tween 20 [TBS-
T]), and followed by either 1 h incubation at room temperature or overnight incubation at

4 °C with primary antibodies. Primary antibodies were typically diluted 1:1,000 or 1:2,000
in TBS-T plus 5% BSA or 5 % NFM. Membranes were washed (3x for 5 min) in TBS-T and
incubated 1 h at room temperature in the presence of HRP-conjugated secondary antibodies
diluted 1:5,000 in blocking solution. Membranes were again washed 3x in TBS-T and the
immunoblots were developed using an ECL detection kit by means of digital imaging
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(ChemiDoc™ XRS+System, BIO-RAD) or X-ray film. The band intensities were digitally
quantified and proteins normalized against GAPDH levels.

2.12. Assessment of CS activity

From the protein extraction step, 10 pg of protein was used for CS activity assessment. This
amount of protein yielded a linear response of CS activity (as per changes in absorbance)
over time (data not shown). CS activity was determined using the citrate synthase kit
(ScienceCell-Research Laboratories) according to manufacturer’s instructions as described
previously (Moreno-Ulloa et al., 2013).

2.13. Statistical analysis

3. Results

Select data was normalized to the respective control mean values and is expressed as means
+ S.E.M. (unless otherwise stated) derived from at least 3 independent experiments
performed each in quadruplicate. Statistical analysis of data was performed by either using
one-way ANOVA followed by the Tukey/Dunnett’s post hoc tests or Kruskal-Wallis test
followed Dunn’s multiple comparisons test, as appropriate. A P<0.05 was considered
statistically significant. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, #P>0.05 (non
significant). Graphs were created and analyzed using Prism 3.0 (GraphPad Software, San
Diego, CA).

3.1. Differentiation of C2C12 myoblasts into myotubes

The differentiation rate of C2C12 myoblast at 24, 72 and 120 h time points is shown in Fig.
1A and include a representative set of images obtained from cells cultured in 12-well plates.
The number of myotubes per field increased as a function of time in all different culture
plates tested (6-, 12- or 96-well plates, data not shown). Typically, the acquisition of a
myotube phenotype became noticeable > 72 h as per the presence of elongated,
multinucleated cells (Burattini et al., 2004). By > 120 h, we obtained = 80% myotube
confluence (as calculated by the ratio of total myotubes/myotubes+undifferentiated cells)
and a fusion index of 76.8 £ 2.4 (as calculated by the ratio of nuclei number in myotubes
with two or more nuclei/total number of nuclei) (Bajaj et al., 2011). As reported by others,
differentiated myotubes also denoted higher fluorescence levels and filament actin bundles
when compared to undifferentiated myoblasts (Fig. 1B) (Yamamoto et al., 2008).

3.2. GPER localization in C2C12 myotubes

To evaluate the presence of GPER in myotubes, we used immunofluorescence detection by
super-resolution and regular confocal microscopy using a polyclonal antibody against the
receptor N-terminal domain. Fig. 2A illustrates the presence and cytoplasmic distribution of
GPER (red fluorescence) in a representative permeabilized myotube. As controls, we
performed a set of experiments using fixed permeabilized and non-permeabilized myotubes
that were only incubated with secondary antibody (conjugated to Alexa Fluor 594-labeled
anti-rabbit), whereby no significant fluorescence levels were detected when compared to
cells incubated with GPER antibody (Fig. 2B). GPER immunostaining of non-permeabilized
cells shows increased red fluorescence signals vs. control cells, suggesting the presence of
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this receptor at the cell membrane (Fig. 2B) (Ronda and Boland, 2016). Cell nuclei are
shown in blue.

3.3. Effects of ligands on C2C12 myotubes viability

We tested the effects of the GPER antagonist (G-36), the agonist (G-1) and that of (-)-EPI
on cell viability by means of the MTT reduction assay. The concentrations and incubation
times chosen for the ligands and (-)-EPI were based on previous studies performed by
others (Dennis et al., 2011; Meyer et al., 2014) and us (Moreno-Ulloa et al., 2013; Moreno-
Ulloa et al., 2015a) in which, significant stimulatory and inhibitory effects (with a lack of
apparent toxicity) were observed for G-1 and G-36, respectively. As shown in Fig. 3A,
treatment with 1 uM of G-1 for 48 h (right blue column) decreased C2C12 myotube viability
as denoted by a decrease in MTT reduction vs. control cells (gray column). There also
appears to be a tendency for cell viability reduction with G-36 at 1 uM (right red column)
vs. control cells. No significant changes were observed in (-)-EPI-treated myotubes. Thus,
for subsequent experiments, G-1 and G-36 were both used at 0.1 uM, a concentration that
did not affect C2C12 myotube viability.

3.4. Effects of ligands on C2C12 myotubes morphology

We investigated the effects of ligands on myotube length and width (morphology) 48 h after
treatment. Since select (-)-EPI-treated cells (Fig. 3B) were longer than the field imaged with
a low-power objective, we ranked myotube’s length into groups (as per fractions) and
applied a statistical analysis on ranks as described by others (Bettadapur et al., 2016). As
shown in Fig. 3B, 3C, 3D and 3E, (-)-EPI treatment resulted in longer and wider myotubes
vs. vehicle- or G-1-treated cells. There was a trend towards an increase in myotube width in
G-1-treated cells (Fig. 3E). As a negative control we used G-36, which did not affect
myotube length or width.

3.5. Concentration response of (-)-EPI on MiB related endpoints

To evaluate (-)-EPI effects on MiB, we examined protein levels of porin (VDAC; a marker
of the outer mitochondrial membrane) (Krimmer et al., 2001) and NRF-2 (a transcription
factor activated by the peroxisome proliferator-activated receptor-y coactivator-1a, the
“master regulator” of MiB) (Scarpulla, 2008). The effects of (-)-EPI on porin and NRF-2
were concentration-dependent, whereby 10 uM (=)-EPI resulted in a significantly higher
increase on both protein levels (Figs. 4B and Fig. 4C) vs. 3 uM (Figs. 4A and Fig. 4C). CS is
a key regulatory enzyme of the tricarboxylic acid cycle and the measurement of its activity is
used as a marker of SkM mitochondrial function (Larsen et al., 2012). Fig. 4D shows that
(-)-EPI at 10 pM led to a significant increase in CS activity vs. control (0.52+0.01 vs.
0.41+0.01 unit/mg protein, **P <0.01). (-)-EPI was not tested at concentrations > 10 uM
due to the fact that such concentrations were seen as less physiologically relevant (Barnett et
al., 2015; Monahan et al., 2011). Hence, for subsequent experiments (-)-EPI was used at 10
UM, as this concentration is easily achieved in plasma after the oral/intraperitoneal
administration of pure (=)-EPI in humans (Barnett et al., 2015) and animals (Chen and Hsu,
2009; Piskula and Terao, 1998).
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3.6. Inhibitory effects of G-36 and GPER down-regulation on (-)-EPI-induced MiB

endpoints

We analyzed the effects of G-36 on (-)-EPI-induced increases in porin, NRF-2 and TFAM (a
mitochondrial transcription factor essential for mitochondrial DNA transcription and
replication) protein levels (Picca and Lezza, 2015; Virbasius and Scarpulla, 1994). As shown
in Figs. 5A and 5C, G-36 attenuated (=)-EPI induced increases in porin ((-)-EPI ~1.9-fold
increase vs. control, **P<0.01; (-)-EP1+G-36 ~1.6-fold increase vs. control, #P>0.05)
TFAM ((-)-EPI ~1.7-fold increase vs. control, *P<0.05; (-)-EPI1+G-36 ~1.2-fold increase
vs. control, #P>0.05) and NRF-2 ((-)-EPI ~1.8-fold increase vs. control, *P<0.05; (-)-EPI
+G-36 1.5-fold increase vs. control, #P>0.05) proteins levels as well as those of CS activity
((-)-EPI ~1.2-fold increase vs. control, **P<0.01; (-)-EPI+G-36 vs. control, #P>0.05). The
effects of the GPER agonist G-1 were also evaluated. Data from Figs. 5B and 5C evidenced
trends towards increases in TFAM (~1.3-fold increase vs. control) and NRF-2 (~1.3-fold
increase vs. control) protein levels, as well as its stimulatory effects on CS activity (~1.12-
fold increase vs. control) by G-1 treatment, whereby G-36 completely blocked such trends
towards increased levels. To further assess the role of GPER in mediating the effects of (-)-
EPI on MiB, we first knocked-down GPER expression by using a specific SiRNA targeting
mouse GPER sequence. Western blot analysis revealed a reduction of ~62% in GPER
protein levels in myotubes treated with siRNA targeting GPER when compared to myotubes
transfected with a non-targeting siRNA (Fig. 6A).

As an endpoint of MiB, we evaluated changes in fluorescence levels of a selective dye
(MitoTracker Red FM) targeting the inner mitochondrial membrane (Presley et al., 2003) in
myotubes transfected with siRNA and treated with (-)-EPI. As illustrated in Fig. 6B, 6C and
6D (-)-EPI-treated myotubes show a significant increase in CTCF median values vs. control
((-)-EPI ~1.8-fold increase vs. control, ****P<0.0001), an effect that is attenuated by G-36
(~62% reduction) and blocked by siRNA targeting GPER. To a lesser degree than (-)-EPI,
G-1 significantly increased CTCF levels vs. control (G-1 ~1.4-fold increase vs. control,
*P<0.001), an effect that was completely blocked by G-36 and siRNA targeting GPER (Fig.
6B, 6C and 6D).

In addition to Western blot and fluorescence imaging data, we employed an In-cell ELISA
kit that allows the simultaneously assessment of changes in the electron transport chain
constituents codified by nDNA (SDH-A) or mtDNA (COX-I), whereby an increase in the
ratio of COX-1/SDH-A is suggestive of MiB (Fig. 7A). The changes in SDH-A and COX-I
protein levels were normalized by cell density according to the analysis of DAPI (nuclei)
staining. As shown in Fig. B and Fig. C, no significant differences were found in nuclei
abundance after treatment with ligands. On the other hand, (-)-EPI augmented mtDNA.-
codified protein levels (Figs. 7E and 7F) (~20% increase over control, **P<0.001) without
changing the nDNA-codified protein levels vs. control (Fig. 7D) an effect that was blocked
by G-36. Thus, the COX-1/SDH-A ratio (normalized by cell density) was significantly
increased indicating the stimulation of MiB by (-)-EPI.
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3.7. Inhibitory effects of G-36 and GPER down-regulation on (-)-EPI-induced myotube

growth

We evaluated the involvement of GPER in mediating the stimulation of myotube growth by
(-)-EPI1 using G-36 and siRNA targeting GPER. Representative fluorescence images
(cytoskeleton in green) are shown in Fig. 8A and Fig. 8C (images with higher
magnification). The chemical blockade and down-regulation of GPER blocked (-)-EPI-
induced increases in myotube length (Figs. 8A and Fig. 8B) and width (Figs. 8C and 8D).
G-1 had no significant effect on myotubes growth. White arrows denote myotube width
(from 2 representative cells in the field) from the wider part of the myotubes in each
condition (Fig. 8C).

4. Discussion

There is great interest in identifying safe and effective natural compounds that may aid in
preserving and/or enhancing SKM structure and function so as to treat conditions and
diseases such as sarcopenia and muscular dystrophy. Recently, our research group has
generated evidence regarding the capacity of (-)-EPI to preserve or stimulate SKM structure
and/or function using either (-)-EPI-enriched dark chocolate/cocoa or pure (-)-EPI in either
animals (Gutierrez-Salmean et al., 2014; Moreno-Ulloa et al., 2015b; Nogueira et al., 2011;
Ramirez-Sanchez et al., 2014) or humans (McDonald, 2017; Ramirez-Sanchez et al., 2013;
Taub et al., 2012; Taub et al., 2016) including heart failure and type 2 diabetes patients. The
modulatory effects of (—)-EPI on SkM structure and function are associated to its unique
capacity to stimulate MiB (Nogueira et al., 2011). Although the exact mechanism linked to
(-)-EPI effects on MiB is not fully understood, there is indirect evidence for a possible role
mediated by GPER (Moreno-Ulloa et al., 2015a). GPER activation by selective ligands has
been shown to trigger MiB /n vitroand in vivo (Sbert-Roig et al., 2016) and can enhance
SkM function /n vivo (Wang et al., 2016). Results generated in this study suggest that: (i)
(-)-EPI, at physiologically relevant concentrations, increases the length and width of C2C12
myotubes; (ii) (-)-EPI stimulates MiB as per increases in endpoints linked to mitochondrial
structure and biogenesis; (iii) GPER is involved in the stimulation of MiB and myotube
growth by (-)-EPI treatment and; (iv) (-)-EPI induces a higher response than G-1 in
stimulating MiB and myotube growth when both ligands are compared at concentrations
eliciting their individual maximal attainable effect.

(-)-EPI is a small molecule with a molecular weight below the 300 g/mol units, that has
been shown to elicit a variety of beneficial effects on different organs/tissues from animals
and humans, including but not limited to the heart (Ramirez-Sanchez et al., 2012), brain
(Moreno-Ulloa et al., 2015b), kidney (Tanabe et al., 2012), endothelium (Schroeter et al.,
2006), SkM (Nogueira et al., 2011) and others. The mechanisms by which (-)-EPI exerts its
beneficial effects on such tissues/organs are not fully understood. We previously
documented that GPER partiality mediates (-)-EPI vasodilatory effects in accordance with
data derived from /in vitro and ex vivo studies (Moreno-Ulloa et al., 2015a). GPER is a
transmembrane receptor that binds its physiological ligand 17p-estradiol (agonist) (Revankar
et al., 2005) and synthetic ones including G-1 (agonist) (Bologa et al., 2006) and G-36
(antagonist) (Dennis et al., 2011). In SkM, GPER activation has been shown to improve
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exercise capacity and SKM strength (Wang et al., 2016). Thus, based on evidence suggesting
increases on MiB in SkM cells by either (=)-EPI treatment or GPER activation as well as on
our endothelial cell data, we hypothesized that GPER is (at least in part) involved in
mediating the effects of (-)-EPI on MiB in muscle cells. In order to test our hypothesis, we
employed a well-characterized /n vitro model of SkM cells, C2C12 myotubes (Burattini et
al., 2004). In agreement with Ronda et al., we confirmed the presence of GPER in C2C12
myotube cytoplasm (Ronda and Boland, 2016) in addition to the cell membrane, being more
abundantly present in cytoplasm. Noteworthy, Cheng et al., using HEK-293 cells stably
expressing hemagglutinin-tagged GPER (i.e. via forced expression) demonstrated that this
receptor traffics from the cell membrane to the trans-Golgi network and that its residence in
the cell membrane is relative short (t1» <1 h) (Cheng et al., 2011). Whereas we did not
assess for receptor trafficking in C2C12 myotubes it is possible that a similar trafficking
process is occurring, thereby explaining the relative lower receptor abundance in the cell
membrane vs. cytoplasm in C2C12 myotubes. In addition to these sites, Ronda et al., using
C2C12 myotubes, demonstrated that GPER is localized in mitochondria, which may suggest
possible roles for GPER in modulating mitochondrial function. Although GPER has been
documented in several cellular compartments, its precise functional location(s) remains to be
solved.

Based on studies demonstrating aging-associated declines on SkM function and
mitochondrial abundance and replication (Carter et al., 2015), as well as on studies showing
improvements on SkM function by stimulation of MiB with exercise or pharmacological
agents (Hepple, 2014), it appears that SkM health is intrinsically linked to mitochondrial
abundance and/or replication. In this study, we document the ability of (-)-EPI to stimulate
MiB. Our results evidence increases in markers of mitochondrial mass/structure (porin and
MitoTracker Red FM fluorescence levels) that were accompanied by increases in
transcription factors linked to organelle replication including NRF-2 (nuDNA-encoded
protein), which regulates the expression of multiple nuclear genes encoding mitochondrial
proteins from the oxidative phosphorylation system (OXPHOS) as well as other proteins
(Bruni et al., 2010). (-)-EPI treatment also increased TFAM protein levels, a downstream
transcription factor for NRF-2, implicated in mtDNA maintenance and replication (Picca
and Lezza, 2015). In accordance with these observed /n vitro increases on transcription
factors, we previously reported on the /n vivo capacity of (-)-EPI to stimulate MiB via the
activation of TFAM which was associated with enhanced fatigue resistance and oxidative
capacity in 1 year old male mice orally treated with (-)-EPI (Nogueira et al., 2011).
Similarly, using a senile mouse model (26-month-old), we reported on reduced proteins
levels for MiB mediators including NRF-2, TFAM and porin in SkM from these animals vs.
6-month-old cohorts. In this study, we demonstrated that (=)-EPI treatment attenuated such
decrements (Moreno-Ulloa et al., 2015b). Hence, our /n vitro data correlates with data
generated using young and senile mouse models.

Furthermore, the stimulatory effects of (—-)-EPI noted in C2C12 CS activity are also in
accordance with our previous published /n vivoresults (Nogueira et al., 2011). Altogether,
our data strongly suggest myotube stimulation of MiB by using physiological concentrations
of (-)-EPI.
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Given the high-energy demand that SKM can attain, a relatively higher density of
mitochondria (~3-8% volume occupied per cell) is evident vs. other cell types (Park et al.,
2014). In consequence, an increase in mitochondrial density in SkM cells may require a
concomitant increase in cell size. Here, we report on the stimulatory effect of (-)-EPI on
myotube size as per increases in cell length and width, which may support the notion that an
increase in mitochondrial content is accompanied by a concomitant increase in cell size.
Indeed, Posakony et al., demonstrated that the mitochondrial content of HeLa cells changes
in proportion to cell size throughout its cell cycle (i.e., a constant mitochondrial volume/
cytoplasmic volume ratio is maintained) (Posakony et al., 1977). Kitami et al., also reported
on proportional changes (increase or decrease) between mitochondrial content and cell size
in human umbilical vein endothelial cells treated with various small molecules, thereby
suggesting a mechanism that tightly controls the relationship between cell size and
mitochondrial density (Kitami et al., 2012). Recently, Lee et al. reported that treatment of
C2C12 myoblasts with (-)-EPI promoted early myoblast differentiation and also stimulated
myotube growth (as per increases in myotubes diameter), although authors did not evaluate
changes in mitochondria content (Lee et al., 2017). Thus, results are in agreement with our
data evidencing increases in myotube size with (-)-EPI treatment.

Results from this study also show that co-treatment with the GPER antagonist G-36 partially
attenuated the effects of (—)-EPI on the majority of MiB endpoints evaluated. Likewise,
siRNA knockdown of GPER also partially blocked the increases in mitochondrial abundance
(in accordance with MitoTracker Red analysis) by (-)-EPI treatment.

Noteworthy, we previously reported that GPER also partially mediates the production of
nitric oxide (an inducer of MiB (Nisoli and Carruba, 2006)) via eNOS activation by (-)-EPI
in endothelial cells and isolated aortic rings (Moreno-Ulloa et al., 2015a). The partial
blockade of effects on endothelial cells and myotubes suggests that receptor entities other
than GPER may be involved in mediating the mitochondrial effects of (-)-EPI (Fig. 9).
Currently there is no evidence to indicate that (=)-EPI can bind to classical estrogen
receptors (i.e., a and B) as noted for 17p-estradiol (Breinholt and Larsen, 1998).
Nonetheless, there is /n vivo evidence that indicates that other G-protein coupled receptors,
such as the &-opioid receptor may mediate the effects of (=)-EPI on isolated cardiac
mitochondria respiration (Panneerselvam et al., 2013). Thus, other receptors likely
participate in mediating (-)-EP1 mitochondrial effects and await further characterization.

Our data also suggest an involvement of GPER in mediating the stimulatory effects of (-)-
EPI on myotube growth (Fig. 9). Interestingly, Wu et al., demonstrated that the extracellular
signal-regulated kinase (ERK) 1/2 is involved in the hypertrophic growth of C2C12
myotubes (Wu et al., 2000). Even though we did not evaluate the role of GPER-ERK 1/2
axis in mediating the effects of (=)-EPI on myotube growth, it is highly plausible that ERK
1/2 is involved in such process. In support to this hypothesis, we have shown previously that
(-)-EPI is capable of triggering ERK 1/2 activation in endothelial cells and that the use of
either G-15 (GPER antagonist) or siRNA against GPER totally blocked ERK 1/2 activation
(Moreno-Ulloa et al., 2015a).
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The role of GPER in mediating SkM cell structure and function is poorly understood as
there are few reports addressing this issue. Shert-Roig et al., using rat H9c2 cardiomyocytes
differentiated into myotubes showed that 1uM G-1 treatment for 24 h (without signs of cell
toxicity as per crystal violet nuclear staining assay) increased COX-I and PGC-1a gene
expression and PGC-1a and COX-IV protein levels, although the authors did not use a
GPER antagonist (in G1-treated myotubes) to corroborate the role of GPER in mediating
such effects (Shert-Roig et al., 2016).

Contrary to Sbert et al., we observed trends towards increases on MiB endpoints (except for
MitoTracker Red staining which was significant) as well as on myotube growth endpoints in
cells treated with 0.1 pM G-1 (a concentration that did not reduce cell viability) and, as
expected, such effects were blocked by G-36. The reduced maximal attainable effect of G-1
when compared to (-)-EPI in stimulating both MiB and myotube growth further supports the
notion that both processes are related as suggested by Posakony et al., and Kitami et al
(Kitami et al., 2012; Posakony et al., 1977). Our data also suggest that (-)-EPI, partially
acting through GPER, induces a higher response in stimulating MiB vs. G-1 when both
ligands are compared at their maximal attainable response. This may imply that the
activation of receptors other than GPER by (-)-EPI is required to achieve a full effect of the
flavanol on MiB stimulation.

Altogether, using selective GPER ligands and gene silencing approaches we evidenced the
involvement of GPER in mediating the effects of (=)-EPI on mitochondrial biogenesis and
myotube growth in skeletal muscle cells. These results are of high relevance as they provide
evidence as to how the flavanol favorably impacts SkM function (i.e. increases in fatigue
resistance and oxidative capacity). Nonetheless, our /in vitro results require further /n vivo
validation in order to support the participation of GPER in mediating the effects of (-)-EPI
on SkM mitochondria.
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A

Figure 1. Live and fixed cells imaging of C2C12 differentiation
(A) Representative images obtained from C2C12 cells seeded onto 12-well culture dishes

illustrating their differentiation rate at 24, 72 and 120 h post incubation in DMEM with 2%
horse serum (HS) (differentiation media). Images were recorded by transmitted-light
microscopy using a 20x air objective (EVOS® XL Imaging System). Scale bar = 200 um.
(B) Representative images derived from C2C12 non-differentiated (day 0) and differentiated
(day 5) cells cultured onto 12-well culture dishes. For visualization of cytoskeleton (F-actin
filaments) and nuclei, formaldehyde fixed cells were stained with fluorescently-labeled
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phalloidin and Hoechst 33258 for 20 min at room temperature. Cell images were recorded
by fluorescence microscopy (EVOS® FLoid® Cell Imaging Station). Scale bar = 100 pm.
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Figure 2. Localization of GPER in C2C12 myotubes
(A) Representative confocal images derived from permeabilized and non-permeabilized

C2C12 myotubes. A polyclonal antibody against the GPER N-terminal domain and
secondary donkey anti-rabbit 1gG conjugated to Alexa Fluor 594 (red signals) was used. As
a negative control, cells were only incubated with secondary antibody. DAPI was used to
stain nuclei (blue). Images were collected using an Olympus F\V1000 Inverted Confocal
IX81 Microscope at 1024 x 1024 pixel resolution with a 60x oil objective lens. (B)
Representative confocal super-resolution microscopy images derived from a Z-stack of fixed
and permeabilized C2C12 myotubes using a polyclonal antibody against the GPER N-
terminal domain and secondary donkey anti-rabbit 1gG conjugated to Alexa Fluor 594 (red
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signal). DAPI was used to stain nuclei (blue signal). Images were collected with an LSM
800 with Airyscan (ZEISS) using a 63%, N.A. 1.4 objective. Scale bar = 10 um.
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Figure 3. Effects of ligands on C2C12 myotube viability and morphology
(A) Cells were treated with ligands at different concentrations or vehicle for 48 h. Cell

viability was evaluated by MTT reduction. Data is expressed as mean + S.E.M. derived from
at least 3 independent experiments performed each in quadruplicate. ****P < 0.0001 vs.
control as analyzed by one-way ANOVA followed by the Dunnett’s post hoc test. (B) Length
and width was visualized by fluorescence microscopy (EVOS® FLoid® Cell Imaging
Station) in myotubes (cells with =2 nuclei) treated with (a) vehicle, (b) (=)-EPI 10 uM, (c)
G-10.1pM and (d) G-36 0.1uM for 48 h. For visualization of cell morphology cells were
stained with fluorescently-labeled phalloidin (cytoskeleton) and Hoechst 33258 (nuclei) for
20 min at room temperature. White arrows denote representative myotubes width. Scale bar
=100 pm. (C) Histograms of myotubes lengths (mm) in cells treated with either vehicle or
ligands. (D) Quantification of myotubes length (um). Data is expressed as median and
interquartile range derived from at least 3 independent experiments performed each in
quadruplicate. ****P < 0.0001 vs. control as analyzed by Kruskal-Wallis test followed
Dunn’s multiple comparisons test. (E) Quantification of myotubes width (um). Data is
expressed as median and interquartile range derived from at least 3 independent experiments
performed each in quadruplicate. ***P < 0.001 vs. control as analyzed by Kruskal-Wallis
test followed Dunn’s multiple comparisons test.
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Figure 4. Effects of (-)-epicatechin ((-)-EPI) on markers of mitochondrial biogenesis (MiB)
Representative immunoblots of porin (also known as voltage dependent anion channel) and

nuclear respiratory factor-2 (NRF-2) protein levels after treatment with either (A and B)
vehicle, (A) (-)-EPI 3 uM or (B) (-)-EPI 10 uM for 48 h. As a loading control GAPDH was
used. (C) Quantification of porin and NRF-2 protein levels by densitometric analysis. (D)
Citrate synthase activity levels were measured in the supernatant of cell’s lysates treated
with either vehicle, 3 uM (-)-EPI or 10 pM (-)-EP and values normalized by protein
content. Data was normalized to the mean values of control (vehicle group) and expressed as
mean + S.E.M. derived from 4 independent experiments each in quadruplicate. *P< 0.05 vs.
control, **P< 0.01 vs. control as analyzed by one-way ANOVA followed by the Tukey post
hoc test. Black horizontal intermittent line indicates the adjusted mean (1) of control
(vehicle group) across all groups.
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Figure 5. Effect of chemical blockade of GPER on (-)-epicatechin ((-)-EPI) induction of markers
of mitochondrial biogenesis (MiB)
Representative immunoblots of porin, mitochondrial transcription factor A (TFAM) and

nuclear respiratory factor-2 (NRF-2) protein levels after treatment with either 10 uM (=)-EPI
(A) or 0.1 uM G-1 (B) (GPER agonist) for 48 h with or without 0.1 uM G-36 (GPER
antagonist). (C) Quantification of porin, TFAM and NRF-2 protein levels by densitometric
analysis. (D) Citrate synthase activity levels were measured in the supernatant of cell’s
lysates treated with either vehicle, 10 uM (=)-EPI or 0.1 uM G-1 with or without 0.1 uM
G-36 and values normalized by protein content. Data was normalized to the mean values of
control (vehicle group) and expressed as mean + S.E.M. derived from 4 independent
experiments each in quadruplicate. *P< 0.05 vs. control, #P> 0.05 vs. control as analyzed by
one-way ANOVA followed by the Dunnett’s post hoc test. Black horizontal intermittent line
indicates the adjusted mean (1) of control (vehicle group) across all groups.
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Figure 6. Effect of chemical blockade and down-regulation of GPER on (-)-epicatechin ((-)-EPI)
induction of mitochondrial mass

(A) Representative immunoblots of C2C12 myotubes treated with either 6 uM Endo-porter
transfection reagent (control), transfection reagent+0.1 uM non-targeting siRNA (control-
siRNA\) or transfection reagent+0.1 pM siRNA targeting GPER (SiRNA-GPER) for 6 h.
Cells were then allowed to grow for an additional 48 h and proteins extracted for Western
blot analysis. (B) Representative fluorescence images from C2C12 myotubes treated with
either vehicle, 10 uM (-)-EPI or 0.1 uM G-1 (GPER agonist) with or without 0.1 uM G-36
(GPER antagonist) and 0.1 uM siRNA targeting GPER (see methods section for knockdown
conditions). Live cell imaging of inner mitochondrial mass was performed by staining
myotubes with 200 nM MitoTracker Red FM (Presley et al., 2003) for 30 min and visualized
using fluorescence microscopy with a 20x air objective (EVOS® FLoid® Cell Imaging
Station). (C) Zoomed-in view of representative fields (white squares) of images in B. (D)
Quantification of data derived from MitoTracker Red staining. Fluorescence levels per
myotubes were assessed by analysis of the corrected total cell fluorescence (CTCF) tool
from Image J software (version 1.48) using the following equation: CTCF = Integrated
density-(Area of selected cell x mean fluorescence of background readings). At least 10
myotubes per field were recorded. Data is expressed as median and interquartile range
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derived from at least 3 independent experiments performed each in quadruplicate. Data was
normalized to the median values of control (set as 1). ****P< 0.0001 vs. control, **P< 0.01
vs. control, as analyzed by Kruskal-Wallis test followed Dunn’s multiple comparisons test.
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Figure 7. (-)-Epicatechin ((-)-EPI) stimulates mitochondrial biogenesis (MiB) via GPER
activation

C2C12 myotubes were obtained on 96-well plates and treated with either vehicle or 10 pM
(-)-EPI with or without 0.1 pM G-36 (GPER antagonist) for 48 h. (A) Relative rates of MiB
were assessed using an In-cell ELISA assay detecting simultaneous protein levels of a
nuDNA-encoded protein (SDH-A) and mtDNA-encoded protein (COX-1) in each group. The
ratio of COX-I and SDH-A protein levels reflects the rate of MiB. (B) To assess for changes
in cell density, nuclei was stained with DAPI and (C) quantified in each group. The ratios
between (D) SDH-A/DAPI, (E) COX-I/DAPI, and (F) COX-1/SDH-A/DAPI were
calculated. Data was normalized to the mean values of control (vehicle group) and expressed
as mean + S.E.M. derived from 4 independent experiments each in quadruplicate **P<0.01,
#P>0.05 as analyzed by one-way ANOVA followed by the Tukey post hoc test. Black
horizontal intermittent line indicates the adjusted mean (1) of control (vehicle group) across
all groups.
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Figure 8. (-)-Epicatechin ((-)-EPI) stimulates C2C12 myotube growth via GPER activation
Cell length and width was visualized by fluorescence microscopy (EVOS® FLoid® Cell

Imaging Station) in formaldehyde fixed myotubes (cells with =2 nuclei). For visualization of
cytoskeleton (F-actin filaments) and nuclei cells were stained with fluorescently-labeled
phalloidin and Hoechst 33258 for 20 min at room temperature, respectively. (A)
Representative fluorescence images corresponding to cells treated with either DMSO vehicle
(control), 10 uM (-)-EPI or 0.1 uM G-1 (GPER agonist) with or without 0.1 pM G-36
(GPER antagonist) and 0.1 uM siRNA targeting GPER (see methods section for knockdown
conditions). Scale bar = 100 um. (B) Representative set (same treatments as in A) of
fluorescence images zoomed-in. Nuclei staining were omitted for better visualization. Scale
bar = 100 um. (C) Quantification of myotubes length (um). Data is expressed as median and
interquartile range derived from at least 3 independent experiments performed each in
quadruplicate. ***P< 0.001 vs. control as analyzed by Kruskal-Wallis test followed Dunn’s
multiple comparisons test. (D) Quantification of myotubes width (um). Data is expressed as
median and interquartile range derived from at least 3 independent experiments performed
each in quadruplicate. *P< 0.05 vs. control as analyzed by Kruskal-Wallis test followed
Dunn’s multiple comparisons test. White arrows denote representative myotubes width at
the wider portion of the cell.
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Figure 9. Proposed mechanism of (-)-epicatechin ((-)-EPI) induced stimulation of mitochondrial
biogenesis in C2C12 myotubes

GPER, G-protein coupled estrogen receptor; mtDNA, mitochondrial DNA; siRNA, small
interfering RNA; TFAM, mitochondrial transcription factor A; NRF-2, nuclear respiratory
factor-2; G-36, GPER antagonist. The black arrow with dashed line suggests the presence of
another type of receptor activated by (-)-EPI.
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