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Abstract

Standard in vitro myotube culture conditions are nonphysiological and there
is increasing evidence that this may distort adaptations to both catabolic and
anabolic stimuli and hamper preclinical research into mechanisms and treat-
ments for muscle atrophy in cancer and other chronic diseases. We tested a
new model of myotube culture which mimics more accurately the basal condi-
tions for muscle tissue in patients with chronic disease, such as cancer. Myo-
tubes derived from C2C12 myoblasts, cultured under the modified conditions
were thinner, more numerous, with more uniform morphology and an
increased proportion of mature myotubes. Furthermore, modified conditions
led to increased expression of mir-210-3p, genes related to slow-twitch, oxida-
tive phenotype and resistance to commonly used experimental atrophy-indu-
cing treatments. However, treatment with a combination of drugs used in
anti-cancer treatment (doxorubicin and dexamethasone) under the modified
culture conditions did lead to myotube atrophy which was only partially pre-
vented by co-administration of curcumin. The results underline the impor-
tance and potential advantages of using physiological conditions for in vivo
experiments investigating mechanisms of muscle atrophy and especially for
preclinical screening of therapies for cancer-related muscle wasting.

Introduction

Cancer-associated muscle wasting is a cardinal feature of
cancer cachexia (Fearon et al. 2011) and is strongly asso-
ciated with reduced tolerance of anti-cancer treatments
(Prado et al. 2009) and poor survival (Prado et al. 2008).
Recent controlled clinical studies with three different
agents (Espindolol, Enobosarm, and Anamorelin) have
demonstrated modest benefit in improving lean body
mass (Dobs et al. 2013; Stewart Coats et al. 2016; Temel
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et al. 2016). However, even these newer drugs were not
sufficiently active in isolation to achieve the desired
improvements in both performance status and physical
function. Thus, despite many years of research in this
field, further studies are needed to find treatments which
both stop or reverse cancer-related muscle loss and
enhance muscle function.

Performing clinical trials in cancer patients with muscle
wasting is very challenging and high drop-out rates are
common (Macdonald 2007). Well-designed preclinical
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models still have a vital role to play in screening different
potential myoprotective treatments and guiding the selec-
tion of the best candidates for more detailed clinical test-
ing. Experiments using cultured myotubes are a key step
in investigating the direct effects of catabolic agents and
to determine the protective effect of anti-muscle atrophy
drugs and nutraceuticals. Typically, experimental out-
comes employ measurements of myotube morphology
(e.g., fiber diameter) and expression levels of anabolic
and catabolic genes to determine responses. Unfortu-
nately, standard conditions for myotube culture, includ-
ing studies of adaptations to catabolic and anabolic
stimuli, are far removed from those found under physio-
logical conditions, despite mounting evidence that using
physiologically relevant environmental conditions, includ-
ing oxygen tension, for in vitro models, can have wide-
ranging impact on cellular phenotypes and molecular
adaptations (Keeley et al. 2017).

Several authors have tested a variety of approaches to
improve myotube growth, differentiation and survival,
with some success. These have included the use of two-
(Langen et al. 2003; Cooper et al. 2004; DeQuach et al.
2010) or three-dimensional (Kroehne et al. 2008; Mozetic
et al. 2017) biomolecular or inert supports, and use of
electrical stimulation (Thelen et al. 1997; Bayol et al.
2005; Boonen et al. 2011; van der Schaft et al. 2013).
However, such experimental conditions have not been
widely adopted by other research groups, nor have there
been attempts to test myotube culture conditions that
combine several features of the in vivo milieu to study
disease-related muscle atrophy.

Current standard myotube culture conditions use iso-
lated myotubes under supra-physiological oxygen tension
growing in culture medium containing serum growth fac-
tors. However, prior data suggest that reduced oxygen
tension (Green et al. 1989), denervation (Sacheck et al.
2007) and higher circulating levels of proinflammatory
cytokines (Guttridge et al. 2000; Langen et al. 2001) pro-
mote reduction in muscle mass or altered myoblast matu-
ration. Thus, we developed and tested a new model of
myotube culture incorporating low doses of proinflamma-
tory cytokines, physiological levels of oxygen and low-fre-
quency external electrical stimulation to try to reproduce
important environmental factors present in vivo in
patients with cancer and chronic diseases that are relevant
to muscle tissue responses (chronic disease modified:
CDmod). To test the hypothesis that the modified culture
conditions would alter myotube growth and response to
atrophy treatments, we compared myotube growth under
CDmod and standard (STD) conditions. In addition,
atrophy responses of myotubes, after treatment with dex-
amethasone (DEX) under CDmod and STD conditions
were compared.

2018 | Vol. 6 | Iss. 12 | e13726
Page 2

E. Archer-Lahlou et al.

It is now clear that cancer-related muscle atrophy may
result from both metabolic changes due to the cancer and
direct catabolic effects of several anti-cancer drugs on
muscle tissue, for example, (Antoun et al. 2010). Indeed,
combined chemotherapy treatment for cancer is impli-
cated as a cause for muscle loss and dysfunction in cancer
survivors (Scheede-Bergdahl and Jagoe 2013), and we
recently showed that combined treatment with dexam-
ethasone and doxorubicin (DD) causes persistent reduced
muscle mass and mitochondrial dysfunction in non-can-
cer bearing mice (Gouspillou et al. 2015). Using the mod-
ified culture conditions, we measured the effect of DD
treatment on myotube morphology and gene expression
and went on to test the impact of curcumin as a potential
myoprotective agent.

Material and Methods

Cell culture

Mouse C2C12 skeletal myoblasts were purchased from
ATCC. C2C12 myoblasts were grown in high-glucose
DMEM (Gibco) supplemented with 10% FBS (Invitrogen)
and used at low passage (less than 10) for all experiments.
Unless otherwise stated myoblasts were seeded on
0.15% gelatin-coated (Sigma #G9391) 6-well plates
(6 x 10* cells per well) and grown to 80% confluence
then transferred to differentiation medium containing 2%
horse serum (Invitrogen). For all experiments myotubes
were cultured under standard (STD) culture conditions
(21% 02, 5% CO2 in a humidified incubator at 37°C)
until day 5. On day 5 postdifferentiation, myotubes either
remained in STD conditions or were transferred to modi-
fied culture conditions (CDmod) described below. Pre-
liminary studies with the C2CI2 myoblasts were
performed under both STD and CDmod conditions
which established that myotubes were healthy and adher-
ent until around day 9 postdifferentiation, after which
they began to senesce and detach. Additional experimen-
tal treatments were started on the morning of day 5 post-
differentiation, and continued for 3 days. In all
experiments, the culture medium and any additional sol-
uble drug treatments were renewed every 24 h. CDmod
conditions had the following additional features: (1)
physiological tissue PO2 (4 kPa = 4%02) (Richardson
et al. 1995), using a humidified incubator (Thermo
Forma, Series II) combined with nitrogen displacement to
achieve desired oxygen tension; (2) imposed low-fre-
quency contraction using a purpose-built in-plate stimu-
lation rig (Marotta et al. 2004) at 1 Hz for 18 h followed
by 0.1 Hz for 6 h using a biphasic (5 msec) square-wave
signal generator at 20 V. The pattern of electrical stimula-
tion was chosen to reflect diurnal variation in skeletal
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muscle activation whilst avoiding over-heating or electro-
poration in plate; (3) clinically relevant levels of proin-
flammatory cytokines by daily addition of TNF-o (20 pg/
mL; R&D systems) and IL-6 (100 pg/mL; R&D systems)
(Martin et al. 1999; Bossola et al. 2000) diluted in differ-
entiation medium. All morphometric and molecular anal-
yses were performed at day 8 postdifferentiation.

Experimental treatments

(1) Dexamethasone treatment (Dex) (1 gmol/L; Sigma D
2915) dissolved in sterile water; (2) Doxorubicin, supplied
as 2 mg/mL in sterile water by Jewish General Hospital
pharmacy, administered at a final concentration of
0.2 umol/L in differentiation medium; (3) Curcumin
kindly supplied in pure crystal form by Dr Jian Hui Wu,
and administered at 0.1 umol/L in differentiation med-
ium. Nontreated control plates were not given additional
sterile water or differentiation medium vehicule.

Protein and DNA extraction

On day 8 postdifferentiation, myotubes were washed with
PBS and DNA was extracted using DNeasy DNA blood
and tissue kit (QIAGEN). For protein extraction, cells
were incubated in 220 uL lysis buffer (M-PER Mam-
malian Protein extraction reagent (ThermoScientific) with
PhosphoSTOP phosphatase inhibitor cocktail and Com-
plete Mini Protease inhibitor Cocktail, Roche) for 5 min
at room temperature. The cell lysate was then centrifuge
at 12,000 g, 4°C, for 20 min and the supernatant was
used for total protein concentration analysis using the
BCA assay (Pierce).

Western blotting and antibodies

Equal amounts of protein (30 ug) were separated by
SDS-PAGE and transferred to a nitrocellulose mem-
brane (BioRad). The membrane was blocked for 1 h at
room temperature with 5% milk in TBS-Tween (TBS-
T) and then incubated with the primary antibody in
5% BSA in TBS-T (for p-AKT, 1% BSA in TBS-T)
overnight at 4°C. After washing in TBS-T, the mem-
brane was incubated with a horseradish peroxidase-con-
jugated secondary antibody (GE Healthcare) and
visualized using enhanced chemiluminescence reagents
(Pierce ECL, ThermoScientific). Bands from each blot
were quantified via densitometry using Gene Snap and
Gene Tool image acquisition and analysis software
(Syngene) and normalized to the loading control
(-tubulin). The antibodies used include mouse mono-
clonal anti-myosin skeletal, slow (MyHCs M8421) and
fast (MyHC-f M4276) (1:1000; Sigma); rabbit polyclonal
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anti-AMPK (2532) and anti-phospho-AMPK (Thr172;
2531) (1:1000; Cell signaling); rabbit polyclonal anti-
myoglobin (1:2000; Abcam ab77232); rabbit polyclonal
anti-AKT (9272) and anti-phospho-AKT (ser473; 9271)
(1:1000; Cell signaling); mouse monoclonal anti-tubulin
(1:8000; Sigma T 6074); anti-mouse and anti-rabbit
HRP-conjugated  secondary (1:5000, GE
Healthcare).

antibodies

Jenner-Giemsa staining and fusion index
scoring

On day 8 postdifferentiation, myotubes were washed with
PBS, fixed with 100% methanol for 10 min at room tem-
perature, and then washed again with PBS. If not stained
immediately, 6-well plates containing fixed cells were
stored at 4°C. For Jenner-Giemsa staining cells were incu-
bated with 1 mL of Harleco® Jenner stain solution
(EMD Millipore) for 5 min at room temperature, fol-
lowed by three washes with distilled water. Cells were
then incubated with 1 mL of Harleco® Giemsa stain
solution (EMD Millipore) diluted 1/25 in 1 mmol/L
sodium phosphate buffer (pH 6.8) for 10 min at room
temperature. Cells were finally washed four times with
distilled water. Cells were visualized and photographed
with a 20X objective, using a digital camera (Canon
PC1089) adapted to an inverted microscope (Zeiss, Axio-
vert 40 CLF). Six images per well were captured randomly
in three wells for each condition. Protein-rich myotubes
can be identified by a dark purple color, whereas nuclei
stain pink, and in each field, the number of nuclei incor-
porated in myotubes, the total number of nuclei and the
number of myotubes were scored. Fusion index (FI) was
calculated as the percentage of total nuclei incorporated
in myotubes. Maturation index (MI) was calculated as
the mean number of nuclei per myotube. The data to cal-
culate FI and MI index was collected by a single observer
(EA).

Myotube morphology analysis and counting

Myotubes were visualized and photographed with a 10X
objective on a Nikon CKX41 inverted microscope and an
Infinity-1 digital camera (Lumenera Corporation) on day
8 postdifferentiation for all experimental and control con-
ditions. Five images per well were captured randomly in
six wells for each condition. Measurements were made
using ImageJ software (Rasband 1997). Two orthogonal
lines were drawn through the centre of each image and
myotube diameter was measured where each line tran-
sected the myotube. The morphometric analysis was per-
formed by an independent observer who was blinded to
the culture conditions.
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RNA isolation and gene expression using
quantitative RT-PCR

Total RNA extraction from myotubes was performed
using QIAzol Lysis reagent and RNeasy Mini Kit with on-
column DNase digestion (QIAGEN). RNA concentration
was determined with NanoDrop ND2000 spectropho-
tometer (Thermo Scientific). Total RNA was reverse tran-
scribed using SuperscriptTM III First-Strand Synthesis
SuperMix for qRT-PCR (Invitrogen). The relative mRNA
levels were determined by real-time PCR using Taqman
method in a 96-well format on a Mastercycler ep Realplex
(Eppendorf) for mouse muscle atrophy F-box protein 32
(Atroginl/Fbxo32), Cathepsin-L  (Ctsl), Insulin-like
growth factor-1 (Igfl), Muscle-specific RING finger pro-
tein 1 (MuRF1/Trim63) and Peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha (Pgcl), using
the following Tagman  probes: Mm499523_ml,
MmO00515597_m1, Mm00439560_m1, Mm01185221_ml,
and Mm01208835_m1, respectively. After testing a num-
ber of different potential candidates Mouse 18S
(hs99999901_s1), Cyclophilin (Mm02342429_¢g1), and
RPLPO (MmO01974474 gH) were adopted as reference
genes. Triplicates of each of three experimental replicates
for each experimental condition were performed. Amplifi-
cation efficiencies for each probe were empirically deter-
mined and relative quantification was calculated using the
Pfaffl method adjusted to normalize for all three reference
genes (Pfaffl et al. 2002).

miRNA expression profiling

Two ug total RNA from each experimental sample was
covalently 3'-labeled with a single Hy3 (test) or Hy5 (ref-
erence) fluorophore per molecule, and co-hybridized
using a fully automated hybridization station (Tecan
HS400Pro) to microarrays prespotted in quadruplicate
with capture probes for approximately 2000 mouse, rat,
human sequences from miRBase (v.11 — v.16) (Hi-Power
Labeling kit, Spike-in miRNA controls and miRCURY
LNA microRNA arrays v.11, 5th and 6th generation, Exi-
qon, Woburn MA). To determine the variance for expres-
sion for each miRNA due to differential characteristics of
the two fluorophores, the same image analysis steps were
used for four “self-self” experiments in which a single
RNA sample was split between two aliquots, labeled with
either Hy3 or Hy5 and hybridized to the same microar-
ray. After hybridization slides were scanned (Model
G2505B, Agilent Technologies, Santa Clara, CA) and the
two-color images obtained were analyzed using Spot v3.1
(CSIRO, NSW, Australia) package in R v2.12 (R Develop-
ment Core Team, 2012). Median signal intensity from
each spot was corrected using subtraction of local
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background and within-array normalization of the log2
ratio of the corrected spot signal from each channel was
performed using the loess method in FlexArray v1.6.1
(Blazejczyk et al. 2007). Additional experimental and
complete expression data for these experiments is avail-
able at NCBI Gene Expression Omnibus under reference
GSE81138  (http://www.ncbi.nlm.nih.gov/geo/query/acc.c
gi?acc=GSE81138).

Fluorescence imaging of myotubes with
Mitotracker Red

It was not possible to perform fluorescence imaging of
myotubes on the 6-well plates within the electrical stimu-
lator rig, thus to obtain these images, C2C12 were cul-
tured on plastic coverslips precoated with 0.15% gelatin
and placed within the 6-well plates. Myoblasts were
seeded on plastic coverslips at 6 x 10* cells per well,
grown to 80% confluence, and then transferred to differ-
entiation medium containing 2% horse serum. On day 5
postdifferentiation, myotubes were transferred to modi-
fied culture conditions, under 4% O2 and with daily
TNF-o and IL-6 as described above, but without external
low frequency electrical stimulation (CDmod(s) condi-
tions). Any additional experimental treatments were also
started on the morning of day 5 postdifferentiation, and
continued for 3 days. On day 8 postdifferentiation, cells
were incubated at 37°C for 25 min with a Mitotracker
Red CMXRos dye (Molecular Probes; 100 mmol/L),
washed once in warm DM and twice with PBS and then
fixed for 20 min in 4% PFA. The fixed cells on plastic
coverslip were mounted on a slide using Immumount
(Thermo Scientific) and visualized using a Leica DM-LB2
microscope.

Statistical analysis

Raw data for protein yield and myotube dimensions was
normalized (%) to the value for myotubes from the same
experimental run, cultured under STD conditions to
account for differences due to seeding density and growth
rates. Data is expressed as mean (SD), mean (SEM) or
box-plots with inter-quartile range as indicated. Signifi-
cance testing was performed using students #-tests paired
by experimental run using (R Development Core Team,
2012). For miRNA experiments the mean normalized
log2 expression ratios for each miRNA calculated. No
result was recorded if less than half of experimental repli-
cates yielded analyzable results. Differential expression of
CDmod versus STD was first determined using the Signif-
icance Analysis of Microarrays (SAM) v4.0 add-in for
Microsoft Excel(Tusher et al. 2001) on array-centred data
from each of six experiments using a threshold false
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discovery rate of <I. For those genes identified using the
SAM algorithm, a Student’s t-test was performed to com-
pare gene-specific mean expression ratio in experimental
samples, with mean ratio for same gene derived from
self-self hybridization experiments. A t-test significance
level was set as P < 0.01 to achieve an expected false posi-
tive rate of less than 1. Only those genes which were posi-
tively identified as differentially expressed using both
these methods, were used in further analysis.

Results

Culturing myotubes under CDmod
conditions changes myotube growth and
morphology

To evaluate the effect of CDmod conditions on myotube
growth and morphology, we compared mature C2C12
myotube cultures under standard (STD) versus modified
(CDmod) conditions. CDmod conditions lead to 21%

Myotube Culture Conditions for Atrophy Research

reduction in myotubes diameter but twice as many myo-
tubes per plate compared to STD conditions (Fig. 1A and
B, Table 1). In addition, fusion of myoblasts to form
multinucleate myotubes was significantly improved under
CDmod conditions compared to STD. The proportion of
nuclei incorporated into myofibers (fusion index) was sig-
nificantly increased in CDmod conditions, but the average
number of nuclei in multinucleated myofibers (matura-
tion index) was lower compared to STD (Fig. 1C and D,
Table 1). Moreover, the variance in number of nuclei per
myotube was also significantly lower in CDmod condi-
tions (pooled variance CDmod vs. STD: 10.3 vs. 35.3, F-
test P < 0.001) (Fig. 1D). This is consistent with CDmod
conditions reducing the tendency of myotubes to form
myosacs with localized accumulations of multiple nuclei
that is frequently observed in STD conditions (Fig. 1E
and F). Thus overall, fusion of myoblasts was more effi-
cient under CDmod conditions and the mature myotubes
formed were more numerous, aligned more regularly and
with a more reproducible morphology (Fig. 1E and F).
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Figure 1. Morphological changes observed in myotubes cultured under CDmod conditions. (A) Boxplots of myotube diameter (arbitrary units)
and (B) number of myotubes per field, in CDmod and STD conditions (N = 14). (C) Density plots of pooled data for proportion (%) total nuclei
found in myotubes in CDmod and STD conditions and (D) Density plots of the number of myonuclei found in each formed myotube (data from
3 independent experiments). (E and F) are representative pictures of myotubes under STD and CDmod conditions, respectively. Culture under
CDmod conditions leads to narrower, more abundant myotubes with lower proportion of unfused reserve myoblasts and higher fusion index.
*P < 0.05, **P < 0.001 comparing CDmod and STD using paired t-test.
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Table 1. Morphological and molecular adaptations in myotubes cultured under standard (STD) and modified (CDmod) conditions.

Experimental

Culture conditions STD CDmod replicates (N)
Myotube diameter (a.u.) 23.9 (3.5) 18.7 (2.0)** 14
Myotube number (per field) 11.0 (1.3) 20.1 (3.1)** 14
Total number of nuclei (per field) 388.0 (30.9) 331.9 (37.9)* 3
% of nuclei in myofibers (fusion index) 29.8 (4.0) 40.9 (3.8)* 3
Nuclei per fiber (maturation index) 18.3 (1.5) 11.2 (0.5)* 3
Total protein (mg) 908.6 (144.3) 892.2 (98.2) 6
Relative protein yield 0.99 (0.1) 6
Relative protein expression
MyHC-s 2.0 (1.1)* 9
MyHC-f 1.0 (0.1) 6
Mb 2.5 (1.4)* 9
Akt 0.9 (0.3) 9
pAkt 0.5 (0.4)* 9
pAkt/Akt 0.6 (0.4)* 9
AMPK 1.3 (0.4)* 9
PAMPK 1.4 (0.9) 9
PAMPK/AMPK 1.1 (0.4) 9
Relative mRNA levels
Pgct 1.3 (0.4)* 7
Igf1 0.3 (0.1)** 7
MuRF1/Trim63 1.1 (0.3) 7
Atrogin1/Fbxo32 1.3 (0.1)** 7
Ctsl 1.2 (0.2)* 7

Measurements performed at day 8 postdifferentiation for myotubes cultured under STD versus CDmod conditions (02 4 kPa, low frequency
electrical stimulation, TNF-o 20 pg/mL and IL-6 100 pg/mL). Data are mean (SD). Paired t-tests (by experimental replicate for raw data) and
one sample t-test (relative expression data) compare CDmod versus STD. *P < 0.05, **P < 0.001.

CDmod culture conditions increase
expression of selected slow-twitch oxidative
muscle proteins

Myotubes cultured under CDmod conditions had the
same total protein content (Table 1). However, CDmod
conditions induced modestly increased levels of Pgcl
mRNA and increased expression of Myhc-s and Mb pro-
tein levels (Fig. 2A and B, Table 1).

Myotubes cultured under CDmod conditions
have reduced expression of anabolic and
increased expression of some catabolic
pathway components

CDmod conditions induced some proteolysis-related genes
and reduced expression of some anabolic signaling mole-
cules. Thus, mRNA levels for Fbxo32 and Ctsl were
increased in CDmod conditions, but mRNA levels for
another proteolysis-related gene, MuRF-1, were unchanged
(Table 1). In addition, mRNA levels for Igfl were markedly
reduced in CDmod conditions. At the protein level, no
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difference in pAmpk or pAmpk/total Ampk ratio was
observed, but CDmod conditions did cause reduced pAkt
and pAkt/total Akt ratio (Table 1, Fig. 2A and B).

CDmod culture conditions lead to increased
expression of mir-210-3p

In parallel experiments, profiling of miRNA and related
small RNA species was performed to compare myotubes
cultured under STD and CDmod conditions (see Data S1
for methods). RNA from six independent experiments
was hybridized to miRNA-specific microarrays. Of 71
miRNAs identified as potentially differentially expressed
in CDmod conditions, 6 miRNA/small RNAs were con-
firmed as significantly differentially expressed and 36
miRNAs were confirmed as not differentially expressed (a
further 29 remained potentially differentially expressed
but could not be corroborated due to incomplete data
from the corresponding probes in the self-self hybridiza-
tion experiments). Of the six confirmed candidate differ-
entially expressed miRNAs, only one was differentially
expressed more than two-fold, namely mir-210-3p, which
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Figure 2. Gene expression changes observed in myotubes cultured under CDmod conditions. (A) Representative immunoblots comparing
expression levels of selected proteins in mature myotubes under STD and CDmod conditions. (B) Quantitative analysis of same proteins as A
(minimum 3 experimental replicates). *P < 0.05, **P < 0.001 compared to expression in myotubes under STD conditions. (C) Relative levels
(log2 scale) of the six confirmed differentially expressed miRNAs or small RNA species under CDmod conditions.

was increased 2.8-fold (1.5 on log, scale) in CDmod con-
ditions (P = 0.001) (Fig. 2C).

Dexamethasone treatment in CDmod
conditions promotes the slow-twitch,
oxidative phenotype but does not cause
atrophy

We investigated whether the use of CDmod conditions
leads to important alterations in the responses of myotubes
to experimental atrophy-inducing treatment. Dex treat-
ment in STD conditions causes a 19% reduction in myo-
tube diameter (P < 0.001) and 15% reduction in protein
yield (P = 0.04) (Table 2, Fig. 3A). However, myotubes
cultured under CDmod conditions do not atrophy with
Dex treatment alone as myotube diameter and total protein
yield were unchanged (Table 2, Fig. 3A). Though Dex
treatment was the experimental model studied in detail
here, additional parallel experiments using other experi-
mental atrophy treatments showed CDmod conditions
yielded resistance to atrophy (smaller reduction in myo-
tube diameter and protein yield) with serum withdrawal
and TNF-related weak inducer of apoptosis (TWEAK)
treatment (See Data S1). Though Dex treatment did not
cause atrophy under CDmod conditions, a significant
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increase in Myhc-s protein was observed (Table 2, Fig. 3B
and C). Transcriptional changes induced by Dex treatment
were similar in STD and CDmod conditions with up-regu-
lation of mRNAs for Pgcl, MuRFI and Fbxo32 and down-
regulation of Igfl (Table 2). Interestingly, Dex treatment in
CDmod conditions was not associated with any further
upregulation of mir-210, as levels of this miRNA remained
similar to those seen in untreated myotubes under CDmod
conditions (mean(SD) difference 8(2)%, P = 0.18).
Together these data suggest Dex treatment under CDmod
conditions induces adaptive maturation of myotubes rather
than a simple atrophy response.

Combined treatment with dexamethasone
and doxorubicin causes myotube atrophy
under CDmod conditions which is partially
prevented by cotreatment with Curcumin

In contrast to effects of Dex treatment alone, myotubes
cultured under CDmod conditions did atrophy when
treated with a combination of Dex and 0.2 umol/L dox-
orubicin (DD). DD treatment caused reduced protein
yield and myotube diameter (Fig. 4A and B; Table 3),
and a significant reduction in Mb (Fig. 4C and D;

Table 3). Cotreatment with Curcumin (0.1 gmol/L)
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Table 2. Differential impact of Dex treatment on myotubes under standard (STD) and modified (CDmod) conditions.

o STD CDmod
Culture conditions
Treatment Untreated Dex Untreated Dex
Myotube diameter (a.u.) 24.7(1.6) 20.1(2.2) 20.1(2.0) 18.9 (1.4)
Relative diameter 0.8(0.1)** 1.0(0.1)
Total protein (mg) 934.2(191.2) 785.6(107.6) 935.1(115.6) 831.5(76.1)
Relative protein yield 0.85(0.1)* 0.89(0.1)
Relative protein expression
MyHC-s 1.3(0.1) 1.4 (0.1)*
MyHC-f 1.0 (0.1) 1.0 (0.1)
Mb 1.4 (0.2) 1.2 (0.1)
Akt 1.0 (0.3) 1.1 (0.1)
pAkt 1.0 (0.3) 1.0 (0.4)
AMPK 1.1 (0.1) 0.9 (0.1)
pPAMPK 1.0 (0.0) 0.9 (0.1)
Relative mRNA levels
Pgc1 2.7 (0.8)* 2.6 (0.3)*
Igf1 0.6 (0.1)** 0.4 (0.1)*
MUuRF1/Trim63 1.6 (0.3)* 1.9 (0.3)*
Atrogin1/Fbxo32 1.9 (0.2)** 1.6 (0.3)*
Ctsl 1.2 (0.0)* 1.0 (0.0)

Morphological features and relative gene expression at day 8 postdifferentiation for myotubes cultured under STD or CDmod conditions (02
4 kPa, low frequency electrical stimulation, TNF-oc 20 pg/mL and IL-6 100 pg/mL) and treated with dexamethasone (Dex, 1 umol/L). Data are
mean (SD). Relative expression versus untreated myotubes cultured under same conditions. One sample t-test used to compare values for Dex
versus untreated for between 3 and 6 independent experimental replicates for each comparison *P < 0.05, **P < 0.001.
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Figure 3. CDmod conditions alter myotube responses to atrophy-inducing treatments. (A) Boxplots of myotube diameter showing that Dex
treatment under STD but not CDmod conditions leads to myotube atrophy. (B and C) Dex treatment under CDmod but not STD conditions,
induces increased expression of Myhc-s. In C, protein expression is expressed relative to that in untreated myotubes cultured in the same
conditions. 3 experimental replicates for each comparison. Comparing untreated myotubes under the same culture conditions: *P < 0.05,
n.s. = no significant.
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Figure 4. Combined doxorubicin and dexamethasone treatment causes atrophy under CDmod conditions and co-administration of curcumin has
a partial protective effect. (A) Boxplots of showing that myotubes treated with doxorubicin and dexamethasone (DD) with or without curcumin
(DD+C) have reduced protein yield. (B) Curcumin co-administration (DD+C) protects against the DD-induced reduction in myotube diameter. (C

and D) DD treatment leads to significant reduction in Mb expression which is partially rescued by curcumin coadministration. *P < 0.05
compared with untreated myotubes under the same culture conditions, *P < 0.05 comparing DD-treated and DD+C-treated myotubes. 3
experimental replicates for each comparison. (E) Qualitative assessment using mitochondrial-targeted fluorescence imaging showed uniform
myotube outline and homogeneous distribution of mitochondrial straining (CDmod (s)). In contrast DD-treated myotubes (+DD) had variable,
thinner diameters with inhomogeneous distribution of mitochondrial staining and prominent highly staining granules (A). Coadministration of
curcumin (+DD+C) resulted in some improvements in the morphology of myotubes and reduction in number and size of granules (A).

partially, but not completely, prevented the changes
induced by DD, for example, Curcumin treatment pre-
vented the DD-induced reduction in myotube diameter
(DD vs. DD+C, P = 0.02, Fig. 4B) and partially protected
against the suppression of Mb expression induced by DD
(DD vs. DD+C, P = 0.03, Fig. 4D).

Standard histochemical staining methods were used for
quantitative analysis of myotube diameter. In addition,
preliminary studies using low-resolution, mitochondria-
targeted fluorescence imaging (Mitotracker Red) were
performed for qualitative analysis of changes in the myo-
tube mitochondrial network. The results recapitulated the
formal morphometric analysis. DD treatment caused

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

disruption of myotube morphology with thinner, irregular
myotubes and accumulation of discrete fluorescence-
staining granules indicating disruption of the myotube
mitochondrial network (Fig. 4E: CDmod(s) vs. DD).
Curcumin cotreatment partially protected against the
DD-induced reduction in myotube diameter and granule
formation (Fig. 4E: DD vs. DD+C).

Discussion

The primary purpose of this study was to confirm
whether replicating a combination of key features of the
usual extracellular milieu of muscle tissue in patients with

2018 | Vol. 6 | Iss. 12 | e13726
Page 9



Myotube Culture Conditions for Atrophy Research

Table 3. Effects of doxorubicin and dexamethasone (DD) treat-
ment on myotubes cultured under modified (CDmod) conditions.

Cultgrg CDmod
conditions
Treatment Untreated DD DD+C
Myotube 17.9 (2.0) 16.4 (2.0) 18.5 (2.5)
diameter
(a.u.)
Relative 0.9 (0.1)* 1.0 (0.1)
diameter
Total protein 1090.9 (162.8) 794.3 (153.5) 788.3 (190.1)
(mg)
Relative protein 0.7 (0.0)* 0.7 (0.1)*
yield
Relative protein expression
MyHC-s 1.8 (0.7) 1.6 (0.4)
MyHC-f 1.0 (0.1) 0.9 (0.3)
Mb 0.5 (0.1)* 0.7 (0.1)*
Akt 1.0 (0.1) 1.2(0.2)
pAkt 1.0 (0.2) 0.9 (0.4)
AMPK 1.0 (0.0) 1.0 (0.0)
pPAMPK 0.8 (0.1) 0.6 (0.2)

Morphological features and relative protein expression at day 8
postdifferentiation for myotubes cultured under CDmod condi-
tions (02 4 kPa, low frequency electrical stimulation, TNF-o 20 pg/
mL and IL-6 100 pg/mL) and treated with DD (dexamethasone,
1 umol/L and doxorubicin 0.2 umol/L) or DD+C (DD+curcumin
0.1 umol/L). Data are mean (SD). Relative expression versus
untreated myotubes. One sample t-test used to compare DD and
DD+C versus untreated for between 3 and 6 independent experi-
mental replicates for each comparison *P < 0.05, **P < 0.001.

cancer (and other chronic conditions), had an impact on
the morphology and responses of cultured myotubes. We
found that under CDmod conditions, myotubes were
about 21% thinner but nearly twice as numerous, with
more regular morphology and with higher fusion index,
than under STD conditions. In addition, culturing myo-
tubes under CDmod conditions led to increased expres-
sion of certain muscle-specific proteins associated with
slow-oxidative myofiber phenotype. Myotubes cultured
under CDmod conditions were not actively atrophying
and had the same total protein yield as myotubes under
STD conditions. CDmod conditions did not lead to
energy depletion (no reduction in pAmpk), however,
myotubes under CDmod conditions did have reduced
expression of key components of the major protein ana-
bolic signaling axis (Igfl, pAkt,) and increased expression
of selected catabolic genes.

The parameters for conditions used in these studies were
deliberately chosen to maximize relevance to mature mus-
cle tissue in adults with advanced cancer or chronic dis-
ease. The adjusted culture conditions were chosen from
first principles and remained stable during the experiments

2018 | Vol. 6 | Iss. 12 | e13726
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namely: physiological oxygen tension, electrically stimu-
lated contraction and addition of clinically relevant (pg/
mL) concentrations of key pro inflammatory cytokines
(Martin et al. 1999; Bossola et al. 2000). Finally, experi-
ments were continued for 3 days (days 5-8 postdifferentia-
tion) when myotubes are mature and healthy but prior to
onset of senescence and death (day 9 postdifferentiation
onwards), and comparisons between treatments were only
made at day 8 postdifferentiation. Much prior research in
muscle cell culture related to cachexia has focused exclu-
sively on short term responses to different treatments and
particularly disruptions which affect myogenesis and early
differentiation (Guttridge et al. 2000; Langen et al. 2001).
In contrast, we focused on longer term adaptations in
mature myotubes, as mature multinucleate myofibers make
up the vast majority of muscle mass.

The results presented offer further evidence that includ-
ing physiologically relevant culture conditions has the
potential to modify cellular responses in important ways.
However, we accept that there are disadvantages to
employing CDmod conditions for studies of myotubes as
they are more complex, time-consuming and expensive
than usual STD culture conditions. The potential advan-
tage in using modified myotube culture conditions are
likely highest in specific clinically focused projects. These
include studies to understanding mechanisms of (and test
counter-measures for) muscle wasting in chronic disease
such as cancer. We also accept that there are many unan-
swered questions about the relative contribution of each
of the environmental factors we included in our model. It
is likely that other aspects of the model may not have
been optimized, for example, the addition of other poten-
tially relevant circulating factors such as growth differenti-
ation factor-15 (Lerner et al. 2015) or using different
patterns of electrical stimulation (Sciancalepore et al.
2015). These details are beyond the scope of this report
and can be clarified or developed in future experiments.

Maintaining levels of oxygen (4 kPa) that reflect those
found in capillaries supplying muscle tissue (Richardson
et al. 1995), is a prominent feature of the CDmod condi-
tions. The 21% reduction on myotube diameter observed
under CDmod conditions is very similar to the 23%
reduction in myotube diameter reported in engineered
muscle fibers cultured at 5 kPa (Martin et al. 2017) and
consistent with literature that chronic hypoxia (e.g., high
altitude) leads to reductions in cross-sectional area of
muscle fibers in humans, for example, (Green et al.
1989). Hypoxia-inducible factor-la (Hifla) is constitu-
tively expressed in mature fast-twitch muscle fibers
(Pisani and Dechesne 2005) and induced in other cells
after short-term exposure to more severe hypoxia than
used in these experiments (<3 kPa) (Jiang et al. 1996).
Hifla immunoblotting was attempted to assess whether

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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the transition from 20 to 4 kPa in CDmod conditions led
to sustained increased expression of this important tran-
scription factor. This proved technically difficult and we
are unable to conclude whether Hifla protein levels were
altered under CDmod conditions. Interestingly, levels of a
key cytoprotective, hypoxia-responsive micro-RNA,
mir-210, is increased to nearly threefold under CDmod
conditions. Studies in myoblasts have confirmed marked
induction of mir-210 in severe hypoxia (1 kPa) as well as
Hifla-dependent increased mir-210 expression during dif-
ferentiation even under normoxia (Cicchillitti et al.
2012). It is noteworthy that mir-210 expression is not
required for myogenesis or muscle regeneration but it
does confer marked protection against oxidative stress
(Cicchillitti et al. 2012) and acute muscle tissue ischemia
(Zaccagnini et al. 2014). The cytoprotective properties of
mir-210 suggest higher expression of mir-210 under
CDmod conditions may be relevant to the observed rela-
tive resistance to atrophy-inducing treatments such as
Dex, compared with the effects of the same drug when
used under STD conditions.

The increase in the number and uniformity of myo-
tubes, the lower maturation index and high fusion index
under CDmod conditions are strikingly different to STD
conditions. These features are clearly advantageous for
monitoring changes in morphology or gene expression
under different experimental conditions. In particular,
myotubes under STD conditions frequently develop very
large myotubes/myosacs with local accumulations of
nuclei (Fig. 1D) and a large proportion of reserve myo-
blasts are observed (Fig. 1E). Both these features may
affect measures of global gene expression and responses
to atrophy treatment. The presence of large myosacs, has
a disproportionate impact on mean myotube diameter
under STD conditions and may also skew measurements
of myotube adaptations to atrophy treatments. The results
of this study demonstrate that Dex treatment in STD
conditions causes myotube atrophy (Table 2, Fig. 3A)
and this is consistent with results of other authors who
have used STD conditions to study molecular mecha-
nisms of muscle wasting (Menconi et al. 2008). In con-
trast, under CDmod conditions Dex treatment for 72 h
did not lead to any significant reduction in protein yield
or myotube diameter (Table 2, Fig. 3A). However, it is
not clear that the rapid, reproducible muscle loss
observed in Dex-induced experimental atrophy, accurately
reflects the mechanisms of steroid myopathy observed in
patients. Clinical muscle atrophy related to steroid use is
idiosyncratic and more common in patients taking higher
doses for long periods (Batchelor et al. 1997) despite the
fact that most patients also have other underlying acute
or chronic disease. Whilst the mechanisms and suscepti-
bility factors for clinical steroid myopathy are still debated

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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(Minetto et al. 2011), the differences in response to Dex
treatment under CDmod conditions appears more consis-
tent with the clinical response. Furthermore, despite this
absence of myotube atrophy, Dex treatment did lead to
upregulation of levels of mRNAs encoding Fbxo32 (56%)
and MuRF1 (90%) (Table 2). These muscle-specific ubiq-
uitin E3 ligases are activated under conditions of rapid
muscle atrophy (Lecker et al. 2004) and can contribute to
net muscle proteolysis under certain conditions (Bodine
et al. 2001). However, our results following Dex treat-
ment under CDmod conditions suggest that their activa-
tion can form part of an adaptive response rather than
indicating the presence of net muscle catabolism.

To investigate the use of CDmod culture conditions
with a clinically relevant atrophy treatment we chose a
combination of dexamethasone and doxorubicin. Impor-
tantly, dexamethasone is frequently administered with
doxorubicin as an anti-emetic (Herrstedt 2008) or as part
of the combined anti-cancer treatment (Pui and Evans
2006). Multi-agent chemotherapy regimens, including
anthracyclines like doxorubicin, may contribute to muscle
loss and dysfunction (Scheede-Bergdahl and Jagoe 2013)
and other authors have shown that doxorubicin causes
increased ROS production and atrophy in cultured C2C12
myotubes (Gilliam et al. 2012). Finally, in recent animal
studies, we have shown that repeated cyclical administra-
tion of the combination of dexamethasone and doxoru-
bicin (DD) leads to muscle loss and impaired
mitochondrial respiration which persists even 3 months
after all treatments had stopped (Gouspillou et al. 2015).
Using DD treatment at clinically relevant concentrations,
for example, doxorubicin 100 ng/mL or 0.2 umol/L (Barpe
et al. 2010) in CDmod conditions, we found that, in con-
trast to Dex alone, DD caused atrophy of myotubes and
significant reduction in Mb protein expression. Curcumin,
a naturally occurring polyphenol which modulates several
key regulatory signaling molecules (Shehzad and Lee
2013), partially prevented DD-induced changes on myo-
tube morphology, protein expression and disruption of the
mitochondrial network (Table 3, Fig. 4). This is consistent
with prior literature showing a skeletal muscle protective
effects of curcumin in different forms of muscle injury
(Avci et al. 2012) one model of tumor-related muscle
wasting (Siddiqui et al. 2009) and even chemotherapy (cis-
platin) -induced mitochondrial dysfunction and oxidative
stress in tissues such as liver, brain and kidney (Waseem
and Parvez 2013; Waseem et al. 2013). However, in our
experiments at  clinically relevant concentrations
(0.1 umol/L; 36.8 ng/mL) (Dhillon et al. 2008), curcumin
had only modest protective effect on DD-treated myo-
tubes, and may not be sufficiently active to completely
protect against chemotherapy-related muscle dysfunction.
Future studies may be warranted to explore the effect of
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combination with other potential myoprotective agents
such as n-3 polyunsaturated fatty acids (Murphy et al.
2011) or resveratrol (Shadfar et al. 2011).

Myotube growth, morphology and responses to atrophy
treatments were altered when culture conditions were
adjusted to better represent those found in vivo in
patients with advanced cancer. The use of STD culture
conditions may result in misleading conclusions when
attempting to study mechanisms of muscle wasting in
humans if atrophy responses are artificially amplified. In
contrast, myotubes cultured under CDmod conditions
appear more resistant to commonly used experimental
atrophy treatments. The molecular mechanisms underly-
ing the differences observed when myotubes are cultured
under CDmod and STD conditions remain to be clarified
more fully, but our data suggests that induction of mir-
210 expression under CDmod conditions may have an
important protective role. Taken together the results sup-
port the case for more critical assessment of culture con-
ditions and the type and doses of drugs used for in vivo
models of muscle atrophy. It seems plausible that this
approach will yield improvements in performance of pre-
clinical tissue culture models to study molecular mecha-
nisms of muscle atrophy and for testing and selection of
potential myoprotective agents. Further efforts to opti-
mize and establish a consensus on the use of physiologi-
cally relevant myotube culture conditions in clinically
focused muscle research are warranted.
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