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Abstract: Objectives: Autophagy is a physiological and highly regulated mechanism, crucial for cell homeostasis
maintenance. Its impairment seems to be involved in the onset of several diseases, including muscular
dystrophies, myopathies and sarcopenia. According to few papers, chemotherapeutic drug treatment is able to
trigger side effects on skeletal muscle tissue and, among these, a defective autophagic activation, which leads to
the persistence of abnormal organelles within cells and, finally, to myofiber degeneration. The aim of this work is
to find a strategy, based on diet modulation, to prevent etoposide-induced damage, in a model of in vitro skeletal
muscle cells. Methods: Glutamine supplementation and nutrient deprivation have been chosen as pre-treatments
to counteract etoposide effect, a chemotherapeutic drug known to induce oxidative stress and cell death. Cell
response has been evaluated by means of morpho-functional, cytofluorimetric and molecular analyses. Results:
Etoposide treated cells, if compared to control, showed dysfunctional mitochondria presence, ER stress and
lysosomal compartment damage, confirmed by molecular investigations. Conclusions: Interestingly, both
dietary approaches were able to rescue myofiber from etoposide-induced damage. Glutamine supplementation,
in particular, seemed to be a good strategy to preserve cell ultrastructure and functionality, by preventing the
autophagic impairment and partially restoring the normal lysosomal activity, thus maintaining skeletal muscle
homeostasis.

Key words: Skeletal muscle cells, chemotherapy treatment, mitochondria dysfunctionality, ER stress, lysosomal

activity.

Introduction

In skeletal muscle, cell homeostasis is ensured by two
different pathways, which can be considered as “survival
mechanisms”: the ubiquitin-proteasome system and the
autophagy-lysosome system. These two proteolytic
pathways are highly regulated and involved in muscle
atrophy occurrence (1).

In particular, the autophagy-lysosome signaling
seems to be crucial for removing dysfunctional organelles
and unfolded proteins, thus  preventing  their
accumulation within the cell. On the other hand, the
ubiquitin-proteasome system is responsible for protein
quality control (2) both under normal and pathological
conditions (3). In recent years, researchers focused their
attention on the relationship between autophagy and
disease. Indeed, an autophagic flux impairment seems
to be involved in the onset of several pathologies (4, 5)
such as muscular dystrophies and myopathies (6, 7), cancer
(8, 9), diabetes (10), Parkinson’s, Alzheimer’s,
Huntington’s disease (11) and LSDs — lysosomal storage
disorder’s (12). According to few papers in the literature,
chemotherapeutic treatments are able to trigger skeletal
muscle damage (13, 14).

Moreover, we and others have previously
demonstrated that C2C12 myotubes treated with e
toposide (Eto),a chemotherapeutic drug known to
induce cell death and oxidative stress increase,
undergo nuclear disruption,
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cytoplasmic shrinkage, organelle alterations (15-17) as well as
functional muscle impairment (18, 19).

Therefore, to find new therapeutic strategies to counteract
muscle damage induced by chemotherapeutic drug exposure,
based on diet modulation, could represent an interesting
investigation field for many researchers to prevent muscle
wasting observed in cancer-treated patients.

Glutamine, a non-essential branched-chain amino acid,
seems to exert a protective role in skeletal muscle cells exposed to
stress-inducing triggers (20-22). On the other hand, nutrient
deprivation could represent a possible way to reactivate a
protective role of autophagy, as already described by De Palma et
al., 2014 (23) in a murine muscular dystrophic model.

Here, an in vitro skeletal muscle cell line has been exposed to
Eto, to mimic chemotherapeutic induced damage. To
counteract Eto effects, glutamine supplementation (iperglut) and
nutrient deprivation have been evaluated as protective pre-
treatments before drug exposure. Morpho-functional,
cytofluorimetric and molecular analyses have been carried out to
confirm Eto toxicity and to verify if diet modulation could
prevent Eto-induced damage in differentiated C2C12 cells.



Materials and Methods

Cell Culture and treatments

C2C12 differentiated cells were grown in flasks or
on coverslips in dishes as previously described (15). Upon
reaching approximately 80% of confluence, myotube formation
was induced with differentiation medium (DM) as described by
(24).

Cells were maintained at 37°C in hwnidified atmosphere
with 5% CO,. daily monitored with a Nikon Eclipse TE 2000-
S inverted Microscope (IM) and photographed with a digital
DN 100 Nikon system (25). Cells were processed for electron,
confocal microscopy as well as for flow cytometric and
molecular analyses at the end of the 7th day of differentiation
(26)

Cell treatments

Cell damage was induced by exposing myotubes to 50 ,ulv/
Eto for 24h at the end of the 6th day of differentiation. Drug
concentration was chosen on the basis of previous findings by
om group (15, 17, 27).

Moreover, to cmmteract Eto induced damage, iperglut and 4h
starvation were the chosen treatments.

In particular, iperglut condition was carried out doubling
the glutamine percentage in the medium (2% instead of the
standard 1%) and administrated it to cell culture starting from 0
day nntil 7 days of differentiation.

4h starvation was pert'ormed with the glutamine-free mediwn
and serum. Cells at 6 days of differentiation were incubated
with serum and glutamine free medium for 4h and then
refreshed with complete medium until 7 days of differentiation.

Transmission Electron Microscopy (I'EM)

Both pellets and monolayers were analysed by means of
TEM.

Samples were grown in flasks to get pellets and on coverslips
in dishes to obtain monolayers. In both cases, specimens were
rinsed with PBS and immediately fixed in situ with 2.5%
glutaraldyde in 0.IM phosphate buffer for 45 minutes. Cells
were gently scraped after 15 minutes and then centrifuged at
1200 rpm for 30 minutes (28). Post-fixation in 1% OsO0, for 1h,
alcohol dehydration and araldite inclusion were performed, as
previously desclibed (27). Monolayer embedding was carried
out by inverting capsules full of resin on samples; coverslips
were then removed in liquid nitrogen (17).

After uranyl acetate and lead citrate staining, thin sections (
0.5 Jim) were observed by means of electron microscope.

Immunofluorescence analysis (IF)

Cells were grown in a 12-well plate, fixed with 4%
paraformaldehyde (PFA) in PBS for 15 minutes in the dark,
rinsed with PBS and stored at 4°C nntil immnnostaining,

Samples were permeabilized with 0.2% Triton X-100 in
PBS, containing 1% bovine serwn albumin (BSA). Donkey

All FC data have been collected from three separate
experiments and presented as mean = SD.

serum (1:10 dilution in PBS) was applied as blocking solution
and specimens were incubated with primary antibodies
(reported hereafter) overnight in PBS+1% BSA (29). Alexa
Fluor-conjugated secondary donkey antibodies were used
1:500 in PBS supplemented with 1% BSA and the nuclei were
stained with Hoechst 33342 (Sigma Aldrich, 1:3000 in PBS)

Images were collected using an Eclipse Ti inverted microscope
(Nikon).

Primary antibodies and their dilutions were as follows: 1:4
mouse anti-MyHC (Developmental Studies Hybridoma Bank.
DSHB, clone MF20), 1:300 mouse anti-ki67 (Abeam), 1:50
rabbit anti MyoD (Abeam)

Flow Cytometry (FC)

The cardiolipin sensitive probe (NAO; Sigma Aldrich) is
able to monitor changes in mitochondrial lipids (15, 30, 31)
and used at low concentrations, in living cells. It is an efficient
fluorescent indicator for the peroxidation of cardiolipin, an
inner mitochondrial membrane lipid. Cells were incubated
with 150ni'vf NAO for 15 minutes at 37°C in the dark and then
acquired by FC using the appropriate fluorescence channels.
10,000 events for each condition were analyzed (16).

The tetramethylrhodamine ethyl ester (TIvIRE) has been used
to focus on mitochondria functional status thank to its ability
to selectively enter into mitochondria according to the Nemst
equation (32, 33). Cells have been loaded with 40 nlvl TMRE
at 37°C for 15 minutes and the analysis has been carried out
nnder non-quenching conditions. The specificity of this analysis
has been detemlined using the Imcoupling agent CCCP (Sigma-
Aldrich) which caused mitochondrial membrane depolarization
with a sudden decrease of TI"dRE fluorescence. Cells have
been treated for 30 minutes with 10mM CCCP, stained with
TMRE is described, and then acquired by flow cytometry.
Fluorescence intensity as the initial signal after background
subtraction.

The endoplasmic reticulum (ER) stress has been detected
by means of ER-Tracker Green (Thermo Fisher Scientific,
Waltham, MA, USA). This is a live-cell stain highly selective
for the ER. This stain consists of the green fluorescent
BODIPY® FL dye and glibenclamide that binds to the
sulphonylurea receptors of ATP-sensitive K+ channels which
are prominent on the ER and have a critical role in ER luminal
homeostasis. Indeed. ER K+ channels are involved in fnnctions
such as protein folding, apoptosis, and calcium homeostasis
(34, 35). Cells have been incubated with 100 nlvl ER Tracker
Green for 30 minutes at 37 OC and subjected to flow cytometric
analyses.

The Acridine Orange (AO) is a pH sensitive dye, used
to detect acidic vesicular organelle formation (36-38). Cells
were washed and resuspendend in 0.5 ml of medium and then
stained with AO 75 ng/ml, 15 minutes at 37°C Red lysosomal
and green cytoplasmatic fluorescences of 10,000 cells per
sample were acquired by FC using the FL3 and FL:l channels
respectively.

Confocal Laser Scanning Microscopy (CLSM)



Cells were grown, treated and processed for observations on
coverslips in a 6-well plate.

Premo™ Autophagy Sensor LC3-GFP (Thermo Fisher
Scientific) allows to detect the LC3 protein localization;
cells were transduced following the protocol provided by the
datasheet (Exc/Em= 488/520).

500 ng/ml AO were added directly to culture medium for 15
minutes at 37°C (39).

Observations were performed with a Leica TCS-SP5
confocal microscope, connected to a DMI 6000 CS Inverted
Microscope (Leica Microsystems CMS Gmbh); pictures
were analyzed using the Leica Application Suite Advanced
Fluorescence (LAS AF) software (26).

Western Blotting

Protein assay was performed using the Bio-Rad protein
assay according to the manufacturer’s instructions. Cells were
lysed at 107/ml in RIPA lysis buffer containing the Complete
Protease Inhibitor Cocktail (Thermo Fisher Scientific Inc.,
Rockford, IL, USA). Lysates were then briefly sonicated to
shear DNA and reduce viscosity and boiled for 5 minutes with
reducing sample buffer. Gradient gels (4%-20% acrylamide)
were used (Bio-Rad, Hercules, CA, USA). Analysis with an
antibody to B-actin documented equal protein loading. All the
primary and secondary antibodies were from Cell Signaling
Technology (Danvers, MA, USA). Proteins were detected using
the ECL Westar nC 2.0 reagent (Cyanagen, Bologna, Italy).
The ChemiDoc-It2 Imaging System and the VisionWorksLS
Software (UVP, LLC, Upland, CA, USA) were used to achieve
images (39).

Results

Control myotubes were multinucleated and revealed the
presence of several long shaped mitochondria, organized
myofibers and, occasionally, autophagic vacuoles (Fig. 1A-D).
The evaluation of Myosin Heavy-Chain (MyHC) by means of
IF staining, evidenced preserved control fibers with a typical
elongated shape (Fig.1D). Fusion index, calculated on the basis
of the ratio between the number of nuclei within myotubes and
the total number of nuclei in a field, was about 60% (Fig. 1K),
in agreement with others (40).

Cells treated with iperglut (Fig. 1E, G) or starvation
(Fig. 1H, 1) showed a preserved architecture with numerous
mitochondria. Autophagic vacuoles were also observable,
especially after starvation treatment.

Iperglut- (Fig.1F) or starvation (Fig.1J) -treated myotubes
showed a morphology similar to control with a fusion index
about of ~66% and 54% respectively (Fig. 1K).

Eto-treated fibers evidenced a diffuse damage characterized

be observed. In this experimental condition, IF revealed
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by cytoplasmic vacuolization (Fig. 2A), mitochondria

alterations (Fig. 2C) and ER stress; the presence of abnormal
autophagic structures, even as big as myonuclei, is observable
(Fig. 2A, 2E, 2F). These mega-vacuoles sometimes were empty
(Fig. 2G), with an evident cytoplasmic shrinkage which leaded,
as a consequence, to a reduced fiber size and to myofiber
degeneration.

Figure 1
Control (A-D), iperglut (E-G) and starved myotubes (H-J)
observed at TEM (A-C, E, G, H, I) and at IF (D, F and J)
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Micrographs show multinucleated cells with preserved mitochondria and cytoplasmic
components. Sometimes autophagic vacuoles can be observed, particularly after starvation
treatment. In K, the calculated fusion index of all experimental conditions is shown,
expressed as mean+SD. For statistical analysis, Student t-test has been carried out. Both

pre-treatments before drug vs Eto- treated myotubes are significant (* p< 0.05). Bars: 100
um for D, F, J; 5 um for A and H, 1 pm for B; 0.5 um for C, G and I.

This behavior has been confirmed by IF staining. Eto-treated
cells, indeed, displayed a strong reduction in terms of myotube
number, which appeared small and thin (Fig.2B) with fusion
index reduced to 20% or even less (Fig. 1K).

Iperglut pre-treatment, before Eto exposure, improved
myotube morphology (Fig. 3A, C) if compared to Eto-treated
cells; ER was similar to control and most of mitochondria
appeared preserved. This morphology could be observed after
IF too (Fig. 3B), where the calculated fusion index was about
58%, a percentage similar to control (Fig. 1K).

Starved cells, before Eto administration (Fig. 3D-F), retained
their shape even if a diffuse cytoplasmic vacuolization, altered
mitochondria and a conspicuous autophagic activation could

an improvement of myotube morphology (Fig. 3G) and a



calculated fusion index of about 46% (Fig. 1K).

Figure 2
Eto-treated myotubes observed by TEM (A, C-G) and IF (B)
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Cells display an evident damage of mitochondria and ER as well as the presence of
abnormal vacuoles. IF analysis shows a reduced myotube size and number. Bars: 2 um for
A, E, G; 50 um for B; 200 nm for C; 500 nm for C, F.

According to ultrastructural observations, FC analyses
showed functional mitochondria in control condition and
after iperglut supplementation. The presence of damaged-
mitochondria could be observed after Eto administration, a
chemotherapeutic agent able to activate also an oxidative
pathway, as already reported by Salucci et al., 2013, 2016,
2017 (15-17). In this experimental condition, a high number
of peroxidation events has been quantified by means of NAO
staining (Fig 3H) and the analysis of TMRE/MTG ratio showed
the presence of inactive and disrupted mitochondria (Fig. 31).
Iperglut or starvation administration before drug treatment
reduced the presence of peroxidated cardiolipin and decreased
TMRE/MTG ratio, suggesting that both pre-treatments were
able to preserve mitochondrial viability.

Moreover, ER, the major site for the synthesis, folding and
trafficking of secretory and membrane proteins, is known to be
highly sensitive to redox status (41).

Here, ER state has been evaluated through FC, showing a
MFT fluorescence increase (Fig. 3J) in case of starved and Eto-
treated cells, if compared with other conditions. Dilated ER,
absent in control condition (Fig. 3K), has been also observed
after Eto exposure at TEM (Fig. 3L). Both pre-treatments,
in particular iperglut, restored ER functionality (Fig. 3J) and
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morphology (Fig. 3M).

It is known that ER stress leads to activation of unfolded
protein response (UPR) that acts as adaptive mechanisms
to re-establish protein homeostasis (42). However, when
the accumulation of unfolded/misfolded proteins occurs,
Grp78/BiP, a major ER chaperone protein, critical for ER
protein quality control, preferentially binds these proteins.
As a consequence, ER stress response activation, including
an up-regulation of genes encoding Grp78/BiP and a down-
regulation of protein synthesis, occurs (43, 44). In this study,
WB analysis (Fig. 3N) revealed that after starvation and Eto
treatment, Grp78/BiP expression markedly increased compared
with the other experimental conditions, for activating UPR,
probably as an attempt to facilitate proper folding of misfolded
proteins or to contribute to cell death.

Figure 3
Iperglut (A-C) and starved-myotubes (D-G) after TEM (A,
C-F) and IF (B, G) observations. Both pre-treatments improve
myotube morphology, which appears similar to control
condition. Mitochondria (H, I) and ER (J) analyses, quantified
by FC, reveal the presence of damaged mitochondria and
altered ER after Eto exposure. Both pre-treatments before
drug, in particular iperglut, rescues mitochondria and ER
functionality. This latter finding has been also confirmed by
TEM analysis which show preserved ER morphology in
control (K) and in iperglut before Eto-treated cells (M). On the
contrary, a dilated ER appears after Eto (L). WB analysis of
BIP/Grp78 (N)
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Figure 4
Bars: 1 pm for A; 0.5 um for C, D, F, K, L, M; 200nm for E; 100 um for B and G



Control and treated-samples after LC3 (A-F) and AO (G-M)
staining observed by CLSM. LC3 dots are few in control cells
(A), localize as little puncta near plasma membrane after
iperglut treatment (B) and their number increases in starved
myotubes (C). After Eto exposure, LC3 staining appears as
large dots diffuse in the cytoplasm and often observed between
myonuclei (D). Iperglut or starvation administration before
Eto reduces the size of LC3 puncta (E, F) which appear again
localized along plasma membrane. Preserved lysosomes (red
fluorescence) appears in control (G), iperglut (H) and starved
myotubes (I), stained with AO. Eto (J) induces an evident
instability of lysosomal compartment (green fluorescence)
which improves after iperglut (K, L) or starvation (M) pre-
treatments before drug. AO quantification (N), through FC,
confirms this behavior. In O, WB analysis of LC3, Beclin and
p62 can be observed. Bars: 25 um for A, G-M; 10 um for B-F
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On the contrary, pre-treatments before chemotherapeutic
drug exposure, maintained ER viability, as demonstrated by FC
(Fig. 3J), TEM (Fig. 3M) and WB (Fig 3N) investigations.

Given the presence of a widespread autophagy, all samples
have been stained with GFP-LC3 vector showing a slight
presence of green spots in control condition (Fig 4A). Iperglut-
differentiated myotubes (Fig. 4B) displayed a peripheral
localization of small LC3 dots. On the contrary, starved cells
(Fig. 4C) showed a diffuse cytoplasmic localization of LC3

dependent degradation contributes to muscle atrophy and
cachexia. On the other hand, inhibition of autophagic flux
causes accumulation of protein aggregates and abnormal

protein.

Accumulation of LC3 protein as large green spots (Fig.4D)
appeared in Eto-treated cells, confirming TEM observations.

Both pre-treatments (Fig. 4E, F) seemed to have beneficial
effects on Eto-treated myotubes: LC3 puncta appeared small
and localized as described in the control, without the large
accumulation noticed after drug exposure.

AO staining, evaluated by CLSM (Fig. 4G-M) and quantified
at FC (Fig. 4N), showed a good morphology and preservation
of autophagy-lysosome system in control (Fig. 4G), iperglut
(Fig. 4H) and starved myotubes (Fig. 4I). It appeared down-
regulated after Eto exposure (Fig. 4]J), suggesting a diffuse
damage of autophagolysosomes and lysosomes. Iperglut (Fig.
4K, L) and starvation (Fig. 4M) treatments restored lysosomal
functionality.

These findings have been then confirmed by WB analyses
(Fig. 40).

Beclin-1, a protein involved in the first phases of autophagy,
appeared increased in starvation- and etoposide-treated cells
compared with other conditions, suggesting an autophagic
activation (45). In contrast, Beclin-1 expression decreased with
either pre-treatment before drug exposure.

To analyze autophagy, the expression of the microtubule-
associated protein 1 light chain 3B (LC3B), in particular,
of the lipidated isoform II (LC3B-II) has been investigated.
WB showed that LC3B-I protein levels were not significantly
modified in all experimental conditions, while LC3B-II
protein levels appeared increased in starved myotubes and
in Eto-treated samples. These findings suggested either
autophagosome formation or reduced autophagosome turnover
(46). On the other hand, in iperglut pre-treated cells before Eto
exposure, an LC3B-II reduction could be observed.

Finally, p62/SQSTM1 expression, involved in selectively
targeting protein aggregates to autophagosomes by
simultaneously binding LC3B and ubiquitinated proteins, has
been evaluated (47). p62, constantly removed by autophagy,
is considered a good marker for autophagic vesicle turnover
evaluation (48). p62 is degraded during autophagy and therefore
its level should decrease when autophagy is induced.

High levels of p62 protein (fig. 40) appeared in samples
treated with starvation and Eto, suggesting autophagosome
clearance impairment, probably due to exhaustion of the
lysosomal degradative capacity. Iperglut administration before
Eto induced p62 content reduction, indicating a reactivation of
the autophagic flux, necessary to counteract Eto damage and, as
a consequence, to maintain myotube homeostasis.

Discussion

Autophagy protects cells from stress (49) and plays a crucial
role in the regulation of homeostatic processes (50, 51) by
favoring the turnover of cell components and the clearance of
damaged organelles through the autophagic-lysosomal pathway
(52). It is known that excessive activation of autophagy-

organelles, leading to myofiber degeneration (53, 54).
In this study, two different culture conditions (iperglut
or starvation) have been investigated in terms of restoring



affected myotubes exposed to Eto. This chemical, as revealed
by ultrastructure and cytofluorimetric analyses, induces
mitochondrial damage, ER alteration, cardiolipin oxidation
and accumulation of abnormal vacuoles in differentiated
skeletal muscle cells. It inducesalso an increase of BTP, a
known marker of ER stress: this parameter probably reflects
a higher level of ROS, also confirmed by the presence of a
mitochondrial population characterized by oxidized cardiolipin
and loss of their functionalily (55)

Moreover, CLSM observations reveal in Eto-treated
myotubes an increase of LC3 puncta, absent in control samples,
as fluorescent abnormal dots and an alteration of acid organelles
stained with AO, which reflect the lysosomal instabilily. WB
analysis show that chemotherapeutic drug induces an increase
of two known markers of autophagosome formation such
as Beclinl and LC3-II; in additon, p62 expression results
up-regulated in Eto-treated samples in agreement with several
studies that, in general, have documented a p62 increase under
oxidative stress conditions, thus indicating its accwnulation
inhibits the correct autophagic flux (56, 57).

Pre--treating myotubes before chemical exposure with
iperglut, and to a lower extent with starvation, improves
cell morphology: restored mitochondria, ER, and preserved
lysosomes can be detected. Moreover, WB analysis evidences
in iperglut or starved myotubes before drug, if compared with
Eto-treated cells, a down-regulation of Beclinl, LC3IJ and
p62 expression. p62 levels reduction indicates an increased
autophagic flm: (58, 59), confirmed by AO staining, which
leads to an improvement of lysosomal compartment efficiency.

The autophagy-lysosomal pathway is an important player
implicated in the turnover of organelles and long-lived proteins,
as well as in the clearance of damaged cell component<:> and the
degradation of cell material in order to allow energy supply
and cell survival during starvation and stress (60). In skeletal
muscle, autophagy is a highly regulated process that can be
beneficial or deleterious, depending on its activation levels
and on cellular environment. Therefore, we could interpret our
findings assuming that in Eto-treated cells, as well as in starved
myotubes, the increase of Beclinl and the LC31I indicate
induction of autophagy. On the other and, the increase of p62
suggests a defective autophagosome clearance and turnover.
This interpretation is in agreement with Masiero et al. 2010 (61)
who demonstrated that an impairment of autophagic flmc as
well as its inhibition leads to protein accumulation, contributing
to muscle degeneration.

Our findings also show that a modulation of culture
conditions before chemical treatment, in particular iperglut
administration, could exert a protective role in rescuing muscle
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fiber from degeneration induced by a chemotherapeutic trigger.

Tn conclusion, L-gl utamine supplementation could be
considered as a potential inducer of autophagic reactivation by
maintaining skeletal muscle homeostasis nnder oxidative stress
conditions and in some severe muscle disorders, including
aging, characterized by an accumulation of autophagosomes,
due to lysosomal fnnction defects.
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