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Summary

The present review discusses the apoptotic be-
havior induced by chemical and physical triggers
in C2C12 skeletal muscle cells, comparing my-
oblast to myotube sensitivity, and investigating it
by means of morphological, biochemical and cyto-
fluorimetric analyses.

After all treatments, myotubes, differently from
myoblasts, showed a poor sensitivity to cell death.
Intriguingly, in cells exposed to staurosporine,
etoposide and UVB radiation, apoptotic and nor-
mal nuclei within the same fibercould be revealed.
The presence of nuclear-dependent “territorial”
death domains in the syncytium could explain a
delayed cell death of myotubes compared to
mononucleated cells. Moreover, autophagic gran-
ules abundantly appeared in myotubes after each
treatment. Autophagy could protect muscle cell in-
tegrity against chemical and physical stimuli, mak-
ing C2C12 myotubes, more resistant to cell death
induction.

KEY WORDS: autophagy, cell death, chemical trig-
gers, myoblasts, myotubes, physical trigger.
Introduction

Skeletal muscle tissue has been long considered highly
resistant to apoptotic cell death. Nevertheless, apopto-

sis frequently occurs in skeletal muscle biology, where
it has been proposed to have a role in development,
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both in proliferating myoblast and in postmitotic muscle
fiber control. Therefore, its deregulation is involved in a
number of muscle disorders', such as several muscle
dystrophies24 as well as disuse and sarcopenia®.
Under pathological conditions, muscle fibers are capa-
ble of mitochondria-mediated events which can lead
to apoptosis, characterized by high expression of bax,
bcl-2 and caspases, and DNA fragmentation revealed
by means of TUNEL analysis and after gel elec-
trophoresis®-8.

Mitochondria play a central role in apoptosis of skele-
tal muscle, which is a plastic tissue able to change its
mitochondrial content or composition in response to
chronic alteration in use or disuse®. Infact, oxidative
damage and other stress conditions alter mitochondri-
al turnover inducing the apoptotic signalling and prote-
olysis activation0.

The aim of the current work is to compare the apoptotic
behavior due to chemical and physical triggers in skele-
tal muscle, at undifferentiated (myoblasts) and differen-
tiated (myotubes) stage. The latter condition represents
a particular experimental model, being syncytia multin-
ucleated, in which individual nuclei have been reported
to control definite muscle fiber segments'!.

To highlight mechanisms underlying muscle cell death
a variety of chemical apoptotic triggers have been cho-
sen. C2C12 cells have been exposed for a time of 24h
to 0.5 uM staurosporine, 30 pyMcisplatin, 0.5 mMhydro-
gen peroxide (H202) and 25 yMetoposide'2.
Staurosporineis a PKC inhibitor and a ROS generator
too13,14_

Cisplatin, forming a spectrum of intra- and interstrand
DNA cross-links, leads to DNA damage, followed by
transcription and replications.

H20: is a well known oxidative stress inducer increas-
ing levels of ROS®.

Etoposide, a topoisomerase |l inhibitor, induces DNA
double strand breaks, leading to p53 activation and
apoptosis'®.

It is also known that various physical agents are pos-
sible apoptotic inducers, but, in some cases, their
mechanism of action is only partially known.

UV-B radiation (290 and 320 nm), represents a relevant
environmental danger because of their role in skin ag-
ing and cancer'’, as well as in infections exacerba-
tion'8. UV-B radiation induces oxidative stress, leading,
in most experimental models, to apoptotic death.It gen-
erally occurs through the intrinsic pathway, even if the
extrinsic one cannot be excluded. UV-B radiation ap-
pears also effective on cell systems which are normally
apoptosis-resistant, such as muscle cells9-20,
Hyperthermia-induced apoptosis (43°C for 30 minutes
followed by 4 hours of post incubation) is character-
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ized both by its distinctive ultrastructural features and
by the occurrence of internucleosomal DNA cleav-
age?'?2, as demonstrated by our research group in
other cells model23-25,

Hypothermia (4°C for 4 hours followed by 4 hours of
post incubation) in some cell types leads to pro-
grammed cell death mediated by reactive oxygen
species increase?s.

Low pH (5-6, followed by 4 hours of post incubation)
usually induces DNA damage. It plays an important
role in cell death in various pathophysiological condi-
tion, including ischemia and cancer. In addition to cell
death, acidic pH has been suggested to be involved in
carcinogenesis?’.

Skeletal muscle cell sensitivity to different triggers
were evaluated by means of several morphological,
biochemical and cytofluorimetric analyses.

Cells exposed to chemicals

Control cells (Fig. 1) revealed a good viability. My-
oblasts appeared mononucleated and flat, with an
elongated fusiform or star-shaped aspect, one large
central nucleus with diffuse chromatin and numerous
nucleoli (Fig. 1A). Good organelle preservation, in
particular that of mitochondria and RER, can be
showed after transmission electron microscopy (TEM)
observations. Myotubes appeared confluent, very
long, and multinucleated (Fig. 1B) and contain up 100
nuclei. These were centrally placed and had an irregu-
lar profile compared to those of myoblasts.
Morphological analyses well demonstrated that all
treatments generated a diffuse cell damage.

After staurosporine treatment, C2C12 cell detachment
was observed with rounding and dying myoblasts and
strongly modified, particularly thin, myotubes. TEM
showed a conspicuous secondary necrosis rate in
both cell types. A peculiar behavior of chromatin,
which appeared organized in dense ring-shaped nu-
clear patches in both myoblasts (Fig. 2A) and my-
otubes (Fig. 2F), was revealed.

In both cell types, a in situ DNA fragmentation, consis-

tently absent in the control condition, appeared (Fig.
3A, F). A diffuse and intense TUNEL positivity can be
observed in myoblasts (Fig. 3B) and, to a lesser extent,
in myotubes, where labelled and normal myonuclei
were occasionally detected in the same cell (Fig. 3G).
After cisplatin exposure myoblasts presented a rare
apoptotic morphology, with chromatin margination and
cytoplasmic alterations. A diffuse vacuolisation with
swollen and altered mitochondria also appeared (Fig.
2B). Myotubes appeared resistant to this treatment (Fig.
2@G), showing, nevertheless, a diffuse autophagic vac-
uolisation (Fig. 2H). After TUNEL reaction only few la-
belled nuclei were visible in myoblasts (Fig. 3C). On the
other hand, myotubes appeared totally negative accord-
ing to the ultrastructural data, indicating a significant re-
sistance to cisplatin cell death induction (Fig. 3H).

A general cell damage was evidenced after H202
treatment. Some cells appeared rounded and de-
tached, while others were apparently well preserved.
At TEM, myoblasts (Fig 2C) and myotubes (Fig. 2I)
show features of secondary necrosis. Both undifferen-
tiated and differentiated cells exposed to oxidative
damage presented a number of altered mitochondria
(Fig. 2D) and autophagic vacuoles (Fig. 2L). At confo-
cal microscopy, TUNEL-positive myonuclei were ob-
served more diffusely in myoblasts (Fig. 3D) and, to a
lesser extent, in myotubes (Fig. 3I).

After etoposide treatment, some myoblasts appeared
detached, rounded and blebbed while myotubes pre-
sented only an apparent nuclear disorganization. After
TEM observations, the myoblasts displayed initial
chromatin margination and condensation (Fig. 2E).
Similarly to staurosporine response, within the same
myotube, normal nuclei coexisted with apoptotic ones
(Fig. 2M).

After TUNEL reaction a difftuse DNA fragmentation
could be revealed both in myoblasts (Fig. 3E) and my-
otubes (Fig. 3L). In particular, the latter presented
TUNEL negative and positive myonuclei in the same
syncytium (Fig. 3M) confirming the ultrastructural ob-
servations, and as previously reported (Fig. 3G).

All experimental conditions have been also analysed
by means of cytofluorimetric techniques, by using spe-

Figure 1. Control myoblasts (A) and myotubes (B) evidence a well preserved morphology at TEM. Scale bars: A, 0.5 ym; B,

2um.
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cific fluorochromes aimed at evaluating mitochondrial
nuclear behavior.

The cardiolipin-sensitive probe 10-nonyl acridine or-
ange (NAO) was used to monitor mitochondrial lipid
changes?8. Cardiolipin peroxidation analysis shows a
clear mitochondria impairment in undifferentiated
C2C12 cells. In fact, frequencies of events character-
ized by normal cardiolipin (Fig. 3N) are lowered, in
staurosporine, cisplatin, H2O> and etoposide-treated
myoblasts, indicating the involvement of the mitochon-
drial pathway and, at the same time, the presence of a
certain degree of apoptotic death. On the contrary, in
differentiated C2C12 cells (Fig. 30), NAO labelling
gave almost the same frequencies as control cells,
with the exclusion of H20 treated cells (10% less
than control).

Moreover, we labelled each sample by SYBR GREEN |
(Fig. 3P), able to stain nucleic acids with a higher quan-
tum yield when it binds to DNA than when it binds to
RNAZ29, This fluorochrome allowed us to distinguish dif-
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Figure 2. Cells treated with chemical
triggers at TEM.

After staurosporine treatment my-
oblasts (A) and myotubes (F) show
secondary necrosis features. Cis-
platin exposure causes an initial chro-
matin margination in myoblasts (B),
an evident cytoplasmic shrinkage and
a diffuse autophagic vacuolisation in
myotubes (G, H). After hydrogen per-
oxide administration, cells show occa-
sional necrotic patterns (C, 1). In addi-
tion, swollen mitochondria and au-
tophagic vacuoles can be observed in
both cell types (D, L). Chromatin con-
densation appears after etoposide (E,
M). In particular, in myotubes normal
nuclei coexist with those presenting
an initial chromatin margination (M).
Scale bars: A, C, F, G, I, M, 2 um; B,
E, 1 um; D, 250 nm; H, L, 500 nm.

ferentiated cells with low and high green fluorescence
(i.e with low and high DNA content). The differences
occurring in green fluorescence were also registered on
myoblasts but with a different connotation. In fact, a low
DNA content may also be related to apoptotic phenom-
ena, such as dense heterochromatin and DNA cleav-
age, and linked to a certain shrinkage. On the other
hand, in myotubes, cell death was negligible by both ul-
trastructural and cytometric evaluations and the de-
crease in SYBR GREEN | fluorescence was not accom-
panied by cell shrinkage. The Figure 3P shows that
higher percentages of these events were found in
etoposide and staurosporine-treated myotubes?.

Cell exposed to physical agents
UV-B irradiated samples revealed deep changes in

monolayer organization, as well as significant surface
and inner cell ultrastructural alterations. After UV-B
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Figure 3. Cells treated with chemical triggers at CLSM and after cytofluorimetric analyses.

TUNEL reaction is negative in control cells (A, F). After staurosporine (B, G), hydrogen peroxide (D, 1) and etoposide (E, L)
treatment labelled nuclei appear in myoblasts and, in a lesser extent, in myotubes.

In particular, in the same differentiated fiber, exposed to etoposide, fluorescent nuclei coexist in the presence of TUNEL
negative nuclei (M). This aspect, has been revealed also through a cytofluorimetric approach. In P, the statistic histogram
related to cytometric detection of SYBR GREEN | events, evidences that this peculiar behavior appears in myotubes after
etoposide and staurosporine exposure.

After cisplatin, few TUNEL positive nuclei can be observed in myoblasts (C) and they are totally negative in myotubes (H).
Mitochondria integrity in control and treated cells has been evaluated through the NAO fluorescence detection. The his-
tograms show the involvement of mitochondrial pathway in undifferentiated C2C12 cells (N) and the absence of significant

mitochondrial impairment in differentiated ones(O).

Scale bars: A, E, 5 um; B, C, F, H, L 25 ym; D, M, 10 ym; G and |, 50 ym.

treatment (Fig. 4A), myoblasts showed surface blebs
and a few number of cells appeared rounding and de-
tached. The characteristic chromatin margination at
the nuclear periphery, sharply separated from the dif-
fuse form, and the presence of nuclear pores were ob-
served at TEM. Interestingly, apoptotic, non apoptotic
and necrotic nuclei could be again occasionally ob-
served within the same myotube (Fig. 4E). After
TUNEL reaction, cells exposed to UVB show a diffuse
number of fluorescent myonuclei (Fig. 5B, G), absent
in control myoblasts and myotubes (Fig. 5A, 5F). In
this experimental condition, as demonstrated in a pre-
vious work', TUNEL positive nuclei coexisted with
the normal ones (data not shown).

Cells subjected to acid pH evidenced strong modifica-
tions such as surface blebs and nuclear changes de-
tected both in myoblast and in myotubes. TEM obser-
vations evidenced swollen nuclei, revealing a slim film
of condensed chromatin (Fig. 4B). In particular, my-
otubes exposed to low pH showed features of sec-
ondary necrosis, a diffuse cytoplasmic vacuolization
(Fig. 4F) and the occasional presence of autophagic
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vacuoles. After TUNEL reaction labelled nuclei ap-
peared both in myoblasts and myotubes (Fig. 5C, H)
After exposure to cold temperature a low number of
detached myoblasts and myotubes could be revealed
and, at TEM, both cell types showed a well preserved
morphology (Fig. 4C) in the presence of autophagic
vacuoles (Fig. 4G). A lack of DNA fragmentation has
been evidenced after TUNEL reaction in cell subject-
ed to hypothermia (Fig. 5D, ).

Hyperthermia exposure induced cellular shape modifi-
cations particularly evident in undifferentiated cells. In
addition, surface blebs and necrotic cells were ob-
served at scanning electron microscopy (data not
shown). TEM analysis evidenced a certain chromatin
condensation (Fig. 4D, H), while a diffuse TUNEL pos-
itivity could be observed at CLSM both in undifferenti-
ated and differentiated cells (Fig. 5E, L).

Flow cytometry was used to investigate mitochondrial
membrane potential response to UVB-radiation (Fig.
5M). MT red CMXRos analysis was conducted in both
control (emptyhistogram) and UVB (filled histogram)
conditions. In UVB irradiated cells, histograms showed
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Figure 4. Cells treated with physical triggers at TEM. Apoptotic cells appear after UVB radiation (A, E). In particular, in the

differentiated condition normal and apoptotic nuclei in the same fiber can be observed (E). Swollen nuclei (B, F) appear after
pH alteration. Cells exposed to hypothermia maintain a well preserved morphology (C, G), and in myotubes a diffuse num-
ber of autophagic vacuoles can be revealed (G). Hyperthermia exposure induces cellular shape modifications, blebbing, cy-
toplasmic vacuolisation and chromatin margination (D, H). Scale bars: A-G, 2 ym; H, 1 ym.

a decrease in mitochondrion-specific probe fluores-
cence,corresponding to a reduction in mitochondrial
membrane potential. Furthermore, it was possible to
observe a different type of fluorescence loss in my-
oblasts with respect to myotubes: in fact, in the latter a
bimodal distribution seems to represent a possible co-
existence of collapsed and functional mitochondria.

Conclusion

In this work, we compared the response of myoblasts
and myotubes to the treatment with chemical or physi-
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cal apoptotic inducers, acting through DNA damage or
oxidative stress.

In particular, it focused the attention on myotubes vs
myoblasts apoptosis resistance, evaluated through an
ultrastructural approach. TEM revealed that chromatin
condensation, a characteristic apoptotic feature more
diffuse in myoblasts, appeared to be either organized
in ring-shaped dense masses under the nuclear mem-
brane, or uniformly condensed to occupy the entire
nucleus. Moreover, CLSM observations after TUNEL
reaction evidenced that DNA fragmentation occurred
in muscle cells and was more evident in myoblasts
than myotubes.
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Myoblasts

Cell relative number

CMXRos

Figure 5. Cells treated with physical triggers at CLSM and after cytofluorimetric analysis. After TUNEL reaction, negative in
control cells (A, F), fluorescent nuclei appears after UVB radiation (B, G), pH alteration (C, H) and hyperthermia (E, L). The
labelling is absent after hypothermia exposure in both cell types (D, I). Mitochondrial membrane potential has been evalu-
ated by means of CMXRos labelling (M) both in control (emptyhistogram) and UVB irradiated (filled histogram) cells. His-
tograms show the decrease in mitochondrial membrane potential after UVB irradiation. In particular, in myotubes, it is possi-
ble to observe a different type of fluorescence loss with a bimodal distribution, suggesting a possible coexistence of col-
lapsed and functional mitochondria. Scale bars: A,C,D,F,G,H, 10 ym; B, E, 5 um; L, |, 25 ym.
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Myotube resistance to apoptosis could be explained
considering the cell phenotype: a mononucleated cell
is more susceptible to stress signals than a multinu-
cleated syncytium, where each nucleus seems to
have an independent domain3'. In this work, TEM and
CLSM demonstrated that by exposing myotubes to
etoposide, staurosporine and UVB, apoptotic nuclei
coexist with normal nuclei within the same fiber. This
aspect has been also detected by means of flow cy-
tometrytrough SYBR GREEN 1, able to distinguish
cells with high and low nuclear content. Cells with low
nuclear content are those characterized by the coexis-
tence of apoptotic nuclei with normal ones within the
same fiber30. This confirms the notion of a “nuclear
apoptosis” working to selectively remove the designat-
ed myonuclei in the multinucleated syncytium?®32,

This phenomenon, even if still considered a controver-
sial point33, has been reported in our previous work on
UVB-treated myotubes'®, and has been, recently, re-
ported by other authors3435, Therefore, in mononucle-
ated cells, apoptosis is responsible for nucleus dele-
tion and, later, for the death of the entire cell3!, while
in myotubes apoptosis is limited to one nuclear do-
main. The deletion of a single nucleus could occur
without the death of the entire muscle fiber at the
same time, evidencing that a multinucleated cell dies
“more slowly”30,

TEM observations revealed a widespread presence of
autophagic vacuoles, especially in myotubes, after
both chemical and physical treatments. In particular,
hypothermia, which is widely used within the sporting
context as an immediate relief from muscular trauma
pain, has a weak apoptotic effect, in the presence,
however, of a diffuse autophagic vacuolisation. This
dual effect may be very important in muscle areas
subjected to traumatic injury, where death and sur-
vival patterns could be active at the same moment.
Autophagy, rarely visible in control myoblasts and my-
otubes, probably play a role in muscle fiber integrity
maintenance, as reported by several authors36-38 The
presence of this mechanism, particularly diffuse in my-
otube response to chemical and physical triggers, can
be considered another element involved in their resis-
tance to cell death.

Moreover, all inducers used and, in particular, H2O2
and UV-B, are able to increase free radicals and thus
oxidative stress, leading to cell death C2C12 cell line,
both at undifferentiated and differentiated condition.
Mitochondria activity, analysed by means of flow cy-
tometry, significantly decreased after chemical treat-
ments in myoblasts, whereas in myotubes altered mi-
tochondria appear especially after H>O2 exposure. Mi-
tochondria dysfunctions have been also observed af-
ter UVB exposure; in fact, flow cytometry shows the
depolarization of mitochondrial membrane and, as a
consequence, the loss of its integrity’®. Thus, oxida-
tive stress is closely correlated to mitochondrial dys-
functions which appear particularly evident in my-
oblasts, as also demonstrated by TEM analysis. In
fact, in a syncytium cellular antioxidant capability
seems to be better preserved, so maintaining a cor-
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rect ROS level: this may be correlated to myotubes re-
sistance against external stimuli®.

In summary, these findings demonstrate a peculiar
apoptotic behavior in skeletal muscle cells with a dif-
ferent sensitivity of myoblasts vs myotubes to chemi-
cal and physical inducers. The particular organization
of myotubes and the appearance of autophagy seem
to have a crucial role in muscle response to the differ-
ent stimuli.
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