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Hypochlorous acid (HOCI) is a reactive chlorine species generated by the enzyme myeloperoxidase present
in phagocytes. HOCI plays a vital role in inflammation and has been linked to tissue regeneration through
redox signalling, however, the relevant evidence is rather scarce. The present investigation aimed to study
the effects of HOCI on the growth of C2C12 myoblasts and its association with alterations of cellular redox
profile. C2C12 cells were incubated for 10 min, 1 h and 24 h with a wide range of HOCI concentrations (628
pM - 4 M). Cell survival was increased when cells were incubated with HOCI concentrations between 6.28
uM and 628 uM, which are encountered in biological systems. Intriguingly, after a 10 min-incubation with 3
mM of HOCI, the highest cell growth was observed through a redox-related mechanism, as indicated by the
decrease of the levels of reactive oxygen species and the enhanced levels of reduced glutathione measured by
flow cytometry. The in vitro model created herein simulates the in vivo inflammatory and regeneration res-
ponse of muscle cells and can putatively give mechanistic answers about the contribution of HOCI to muscle
regeneration.
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1. Introduction

Skeletal muscle is a tissue capable of sustained regen-
eration. Muscle repair and maintenance rely on a popula-
tion of muscle stem cells, known as satellite cells, which
have been extensively studied [1-4]. Muscle stem cells re-
main quiescent under normal conditions [5,6]. However,
in response to different stimuli (i.e., injury, exercise) they
become activated and proliferate extensively to give rise
to mononuclear myoblasts, which can repair the damaged
muscle, either by directly fusing with pre-existing myofib-
ers or by generating new myofibers through fusion with
one another [2,7-9]. Skeletal muscle repair is a highly
synchronized process involving the activation of various
cellular and molecular responses, where the coordination
between inflammation and regeneration is crucial for the
beneficial outcome of the repair process following muscle
damage [10-12].

Inflammation is a biological phenomenon that is in-
extricably linked to reactive species generation. Reactive
species are implicated in diverse physiological processes,
such as exercise adaptations and signal transduction but
also in inflammation, aging and disease onset [13-18]. Ox-
idative stress, which is defined as the excessive production
of reactive oxygen and nitrogen species leading to disrup-
tion of redox signalling is a well-studied phenomenon both

in vitro and in vivo [16-23]. However, chlorinative stress
caused by reactive chlorine species (RCS), especially hy-
pochlorous acid (HOC]), is rather overlooked.

HOCI is generated by the enzyme myeloperoxidase
(MPO) which is present in neutrophils and macrophages
and stimulates phagocytes during inflammation [24, 25].
This enzyme exerts a strong bactericidal and antiviral ac-
tion, which is mediated by the HOCI production via the
reaction of hydrogen peroxide with chloride ions. Its role
in inflammatory response is crucial, as indicated by the
enhanced MPO levels in acute and chronic inflammatory
conditions, such as cardiovascular and neurodegenerative
diseases, as well as specific cancer types [26-28]. HOCl
is a powerful, metal-independent oxidative agent in vivo,
as it oxidizes biomolecules including DNA, proteins, and
lipids [13]. However, its most common target is proteins
and, hence, it induces oxidative modifications to amino ac-
ids and peptides [29]. Specifically, HOCI oxidizes methio-
nine and cysteine but the oxidized products of tyrosine,
namely 3-chlorotyrosine and 3,5-dichlorotyrosine are the
most promising biomarkers of HOCl-induced chlorination
[30]. A characteristic example of the harmful role of HOCI
due to protein oxidation is its contribution to atheroscle-
rosis as it oxidizes apolipoprotein A-I, whose normal role
is to remove cholesterol from macrophages, thus, impair-
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ing its physiological function [31]. Furthermore, it con-
tributes to the pathogenesis of other inflammation-related
conditions, such as senescence and muscle atrophy via ac-
tivation of several transcription factors, including nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-«xB) that regulates the most fundamental antioxidant
pathways [32].

Muscle regeneration through inflammatory process is
well examined [10-12,33]. However, the role of HOCI, an
RCS that has been poorly studied, in this biological pro-
cedure has not yet been elucidated. To our knowledge,
the effects of HOCI on skeletal muscle cells have never
been studied before. We anticipate that HOCI, like any
reactive species, will decrease cell viability but we also
hypothesize that HOCI concentrations with physiological
significance which will promote C2C12 cell growth will
be identified. Thus, the model created herein appears to
mimic the first step of muscle regeneration, i.e., the prolif-
eration of muscle cells in response to HOCI production by
myeloperoxidase-expressing immune cells. Furthermore,
another important goal was to analyse whether the effect
of HOCI on muscle cell growth is regulated by a redox-
related mechanism.

2. Materials and Methods
2.1. Evaluation of the concentrations of the tested
HOCI solutions

The optical absorbance of the HOCI solutions diluted
in phosphate-buffered saline (PBS) was measured im-
mediately before use at 293 nm and their concentrations
were evaluated through the law of Lambert-Beer using the
HOCI molar extinction coefficient (i.e., 350 M-'cm™) at pH
=10-12.

2.2. Cell culture conditions

The mouse-derived C2C12 myoblast cell line was pur-
chased from the European Collection of Authenticated
Cell Cultures, Catalogue No. 91031101. The cells were
maintained in Dulbecco's modified eagle medium (DMEM
containing 4.5 g/l glucose and L-glutamine) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) in the
presence of antibiotics (PS: 100 U/ml penicillin and 100
pg/ml streptomycin) in a humidified chamber at 37 °C and
5% CO.,. The cells used in all experiments did not exceed
10 population doublings. DNA samples were routinely ex-
tracted from the cultured cells and were subjected to PCR
amplification with specific mycoplasma primers to verify
that cells used in all experiments were mycoplasma-free.

2.3. Cell viability measurements

Cell viability and proliferation were measured by the
XTT colorimetric assay. Briefly, 5x10° C2C12 cells were
seeded in 96-well flat-bottomed microplate in full culture
media (DMEM+FBS+PS) and incubated for 24 h at 37 °C
under humidified 5% CO,. Then, different HOCI solutions
(with concentrations ranging from 628 pM up to 4 M di-
luted in DMEM and PS) were added and the cells were in-
cubated for additional 10 min, 1 h or 24 h. Then, the XTT
reagent (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-
Tetrazolium-5-Carboxanilide) was added, and each sam-
ple was additionally incubated for 4 h at 37 °C. The wells
containing C2C12 cells and culture media without the
addition of HOCI were used as the control samples. The
optical density was measured using a microplate reader

(Biotek Instruments, Inc.) at 450 nm with a reference
wavelength of 650 nm. Cell survival (viability) was cal-
culated as a percentage relative to the control samples. In
each experiment, all samples were tested in duplicates. At
least 4 independent experiments were performed.

2.4. Evaluation of the effect of HOCI on the intracellu-
lar ROS and GSH levels using flow cytometry

In order to evaluate the levels of reactive oxygen spe-
cies (ROS) and reduced glutathione (GSH) produced after
the treatment of C2C12 cells with HOCI, the cells were
incubated with selected concentrations of HOCI for differ-
ent time periods. Briefly, the cells were cultured overnight
in T, flasks in full culture media (DMEM+FBS+PS) at a
density of 5.3x10° cells/flask. Then, the cells were washed
with PBS and were incubated with different selected con-
centrations of HOCI (diluted in DMEM+PS) for 10 min,
1 h or 24 h at 37 °C in a humidified atmosphere of 5 %
CO.,. Control samples containing only medium DMEM in
the presence of antibiotics were also prepared for the same
time periods. Following the end of incubation, the cells
were washed in PBS, incubated with trypsin and trans-
ferred in falcon tubes containing full media. The samples
were centrifuged (160 rpm, 10 min, 28 °C), the superna-
tant was discarded, and the cells were washed in PBS and
centrifuged again at the same conditions. Finally, the cell
pellet was stored at -80 °C until preparation of analysis us-
ing flow cytometry.

The levels of ROS and GSH in C2C12 cells were eval-
uated using their ability to interact with 2,7-dichlorofluo-
rescein diacetate (DCF-DA) and mercury orange respec-
tively. Inside the cellular milieu, DCF-DA loses its acetate
groups by esterases and following oxidation by ROS, it is
converted to a fluorescence dye. On the contrary, mercury
orange is a fluorescence dye that binds directly to the mol-
ecule of GSH. In detail, the cell pellets were re-suspended
in PBS and incubated with DCF-DA (10 uM) for ROS and
mercury orange (40 uM) for GSH in the dark (30 min, 37
°C). Then, PBS was added, the samples were centrifuged
(300 g, 5 min, 5 °C) and the supernatant was discarded.
Subsequently, the cells were re-suspended in PBS and in-
troduced into the flow cytometer (FACScan flow cytom-
eter, Becton-Dickinson, Franklin Lakes NJ, USA). The
excitation and emission wavelengths were 488 and 530
nm for ROS and 488 and 580 nm for GSH. The analyses
were performed on 10,000 cells for each sample. Data was
analyzed with the BD Cell Quest software (Becton-Dick-
inson). All experiments were performed in triplicate.

2.5. Statistical analysis

All data were analyzed using one-way analysis of vari-
ance (ANOVA) followed by Tukey's test for multiple pair-
wise comparisons. Data are presented as mean + standard
deviation (SD). The level of significance was set at P<0.05.
For the statistical analysis, the SPSS software version 21.0
(SPSS Inc., Chicago, IL, USA) was used.

3. Results
3.1. Effect of HOCI on C2C12 cell viability

C2C12 viability was statistically significantly reduced
to 84% and 15% compared to the control (untreated) sam-
ple after 10 min of incubation with HOCI at the lowest
(i.e., 628 pM and 6.29 nm) and at the highest (i.e., 4 M)
concentrations, respectively (Figure 1). On the contrary,
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cell viability was increased when cells were treated with
628 uM and 3 mM HOCI at the same time point (Figure 1).
After 1 h of incubation, HOCI inhibited cell growth at the
majority of the tested concentrations (i.e., 628 pM, 6.29
nm, 6.28 nM, 6,28 nM, 3 mM and 4 M) (Figure 1). Finally,
C2C12 growth was inhibited when 24 h-incubations were
performed with all the tested concentrations of HOCI (ex-
cept for 3 mM) (Figure 1).

3.2. Effect of HOCI on ROS levels of C2C12 cells after
10 min of incubation

The ROS levels were decreased by 38% compared to
the control sample after the 10-min incubation of the cells
with 3 mM HOCI, whereas they were not affected by the
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Fig. 1. The effect of HOCI treatment on the viability of proliferating
C2C12 cells. C2C12 cells were incubated with the indicated HOCI
concentrations for 10 min, 1 h and 24 h and the cell viability was
determined by the XTT assay. Viability is expressed as % of the con-
trol sample (i.e., C2C12 cells incubated with culture media without
HOCI). *: Statistically significant values compared to the control sam-

ple.

rest of the tested HOCI concentrations (i.e., 628 pM, 628
nM and 628 uM) (Figure 2).

3.3. Effect of HOCI on ROS levels of C2C12 cells after
1 h of incubation

After 1 h of incubation with the tested range of HOCI
concentrations, the ROS levels were decreased at 628 nM,
628 uM and 3 mM by 25%, 15% and 75% respectively,
compared to the control sample (Figure 3).

3.4. Effect of HOCI on GSH levels of C2C12 cells after
10 min of incubation

GSH levels were decreased by 28%, 33% and 37%
compared to the control sample, at the HOCI concentra-
tions of 628 pM, 628 nM and 628 puM respectively (Figure
4). In contrast, HOCI increased the GSH levels at the high-
est tested concentration (i.e., 3 mM) by 23% compared to
the control sample (Figure 4).

3.5. Effect of HOCI on GSH levels of C2C12 cells after
1 h of incubation

The levels of GSH were significantly increased after
1 h of incubation with HOCI at 628 pM by 48% and at 3
mM by 315% and they were decreased at 628 nM by 17%
(Figure 5).

3.6. Effect of HOCI on ROS and GSH levels of C2C12
cells after 24 h of incubation

The ROS levels of C2C12 cells were markedly de-
creased after 24 h of incubation with 3 mM HOCI by 97%,
whilst a significant elevation (i.e., 33%) was observed at
the GSH levels following incubation with the same HOCI
concentration for 24 h (Figure 6).
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Fig. 2. The effects of the incubation of C2C12 cells with HOCI in
the tested concentrations (i.e., 628 pM, 628 nM, 628 uM and 3 mM)
for 10 min on ROS levels evaluated using flow cytometry. (A): The
respective histograms of cell counts (n=10,000) vs fluorescence. (B):
The bar chart that illustrates the alterations of ROS levels induced by
the tested HOCI concentrations expressed as % of the control sample
(i.e., C2C12 cells incubated with PBS without HOCI). *: Statistically
significant values compared to the control sample; ROS: reactive oxy-

gen species; PBS: phosphate- buffered saline.
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Fig. 3. The effects of the incubation of C2C12 cells with HOCI in the
tested concentrations (i.e., 628 pM, 628 nM, 628 uM and 3 mM) for
1 h on ROS levels evaluated using flow cytometry. (A): The respec-
tive histograms of cell counts (n=10,000) vs fluorescence. (B): The
bar chart that illustrates the alterations of ROS levels induced by the
tested HOCI concentrations expressed as % of the control sample (i.e.,
C2C12 cells incubated with PBS without HOCI). *: Statistically sig-
nificant values compared to the control sample; ROS: reactive oxygen
species; PBS: phosphate-buffered saline.
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Fig. 4. The effects of the incubation of C2C12 cells with HOCI in
the tested concentrations (i.e., 628 pM, 628 nM, 628 uM and 3 mM)
for 10 min on GSH levels evaluated using flow cytometry. (A): The
respective histograms of cell counts (n=10,000) vs fluorescence. (B):
The bar chart that illustrates the alterations of GSH levels induced by
the tested HOCI concentrations expressed as % of the control sample
(i.e., C2C12 cells incubated with PBS without HOCI). *: Statistically
significant values compared to the control sample; GSH: reduced
form of glutathione; PBS: phosphate-buffered saline.
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Fig. 5. The effects of the incubation of C2C12 cells with HOCI in the
tested concentrations (i.e., 628 pM, 628 nM, 628 uM and 3 mM) for
1 h on GSH levels evaluated using flow cytometry. (A): The respec-
tive histograms of cell counts (n=10,000) vs fluorescence. (B): The
bar chart that illustrates the alterations of GSH levels induced by the
tested HOCI concentrations expressed as % of the control sample (i.e.,
C2C12 cells incubated with PBS without HOCI). *: Statistically sig-
nificant values compared to the control sample; GSH: reduced form of

glutathione; PBS: phosphate-buffered saline.

4. Discussion

The present study reports for the first time the creation
of an in vitro (in vivo-like) model that simulates the inflam-
matory response of skeletal muscle (i.e., myoblasts treated
with HOCI). Furthermore, it proposes a redox-dependent
mechanism for the induction of cell survival caused by
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Fig. 6. The effects of the incubation of C2C12 cells with 3 mM of
HOCI for 24 h on ROS and GSH levels evaluated using flow cytom-
etry. (A): The respective histograms of cell counts (n=10,000) vs fluo-
rescence. (B): The bar chart that illustrates the alterations of ROS and
GSH levels induced by the tested HOCI concentration expressed as
% of the control sample (i.e., C2C12 cells incubated with PBS with-
out HOCI). *: Statistically significant values compared to the control
sample; ROS: reactive oxygen species; GSH: reduced form of glu-
tathione; PBS: phosphate buffered saline.

HOCI, which under the appropriate conditions leads to
muscle regeneration. According to the results obtained,
the incubation of C2C12 cells with HOCI caused an in-
crease in cellular GSH levels, accompanied by a decrease
of ROS levels. This finding was observed when C2C12
cells were incubated with 3 mM of HOCI at all incubation
times tested (i.e., 10 min, 1 h and 24 h), indicating a redox-
dependent mechanism of action for HOCI at this concen-
tration. Interestingly, this is the only HOCI concentration
that did not affect cell viability following the longest 24-h
incubation period.

The role of inflammation in muscle damage and re-
generation has been well established. Indeed, it has been
demonstrated that inflammation promotes muscle damage
through excessive generation of ROS by neutrophils dur-
ing phagocytosis and, of note, this molecular mechanism
can also impair pre-existing muscle injury in vivo [33,34].
On the other hand, muscle regeneration is a process whose
precondition is inflammation as well. The process of mus-
cle regeneration includes several stages involving activa-
tion of muscle stem cells, proliferation of the activated
muscle stem cells, and differentiation of the muscle stem
cells which ultimately fuse with each other and existing
fibers to restore injured tissue [2,7,8]. Acute inflammation
and immune cells play critical roles in almost all stages of
muscle regeneration process. The immune cells, especially
macrophages, can trigger a cascade of cellular responses
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to regulate muscle stem cell activation, proliferation, and
differentiation and, in this aspect, they serve as important
mediators to orchestrate muscle repair [10-12]. In vivo in-
vestigations which include myeloid depletion experiments
and the use of chemokine/chemokine receptor-deficient
mice (Ccl2 and Cer2 knockout) have shown the require-
ment of monocyte-derived macrophages in skeletal muscle
regeneration [35-37]. The mechanisms of muscle regen-
eration have been studied in the context of exercise, which
is a model that induces inflammatory response [38,39] as
well as in the context of cell-mediated therapy of degen-
erating diseases, such as muscular dystrophies [40-43]. A
major mediator of inflammation is HOCI, a highly RCS
that is produced by neutrophils and macrophages at the
site of inflammation and exerts mostly detrimental action
on muscle cell integrity and normal function [44]. Inter-
estingly, HOCI, through its inflammation-promoting ac-
tion, is implicated in aging and aging-related conditions
[29,45], as well as in cardiovascular and in rheumatoid
pathologies [46,47].

To that end, it has been shown that at sites of inflam-
mation, the in vivo HOCI concentration may be equal to
200 uM or even up to 340 uM [48,49]. These experimental
observations strengthen the undermentioned noteworthy
finding of the present study. Following the 10 min incuba-
tion period, the HOCI concentration that equals to 6.28
uM did not affect cell growth, however the next tested
concentration (i.e., 628 uM) increased cell survival. This
means that muscle cell survival might follow an increas-
ing trend following incubations with HOCI concentrations
between 6.28 uM and 628 pM, indicating a physiological
meaning of this evidence. After 1 h and 24 h of HOCI in-
cubation, cell growth was inhibited, obviously due to the
long duration of the incubation.

The effect of oxidative stress, mainly in the form of
H,0O, exposure, on C2C12 survival has been previously
investigated [50-56]. The majority of these studies re-
ported an EC50 of 1.33 mM following 6 h of incubation
with H,O,. However, it is worth mentioning that previous
studies have shown large variation in reported cytotoxic
concentrations of H,O, in cell cultures, which has been at-
tributed to differences in the experimental conditions ap-
plied, specifically cell type, cell concentration and incuba-
tion times [57]. It is generally accepted that in proliferat-
ing mammalian cells very low levels (3 to 15 uM) of H,0,
cause growth stimulation (possibly due to adaptations),
higher levels (120 to 400 pM) induce growth arrest, and
high concentrations (>1 mM) produce necrotic cell death
[58,59]. Compared to other cell types, C2C12 cells appear
to be more robust to exposure to oxidative stress. This may
be due to the fact that muscle precursor cells are exposed
repeatedly to high levels of ROS. As this is the first study
of the effect of HOCI on skeletal muscle cells, we can as-
sume that the effect of HOCl on C2C12 cell survival dif-
fers considerably compared to that of H,O,. Alternatively,
as seen with H,O,, the effect of HOCI varies depending on
the incubation time, as seen by the clearly demonstrated
differential effects of short and long (i.e., 10 min versus 1
h) incubation times.

Apart from the role of HOCl on cell survival, the redox-
based mechanism that regulates its action is of great inter-
est. At 628 pM, cell growth was inhibited both after 10
min and 1 h of incubation. GSH levels, although decreased
after 10 min, were enhanced after 1 h. Given that after 1

h of incubation cell viability was affected to a greater ex-
tent compared to the 10 min incubation, it can be deduced
that the activation of the antioxidant potential of the cells
is a defensive mechanism against the detrimental impact
of cell death. At 628 nM, the decreased GSH after the 10
min-incubation with HOCI indicates that there is no need
for activation since cell growth is not affected. Neverthe-
less, after 1 h the decrease in GSH implies that its levels
have been consumed to act towards the reduction of ROS
levels, a finding that is depicted in Figure 3. At 628 uM
after 10 min, cell growth is promoted and GSH is reduced
probably due to homeostatic mechanisms. Of note, previ-
ous studies have also reported non-redox-related mecha-
nisms for the action of HOCI. Indeed, it has been observed
that HOCI attacks specific sites on and within the cells
triggering a variety of cell death mechanisms depending
on the cell type [60-65].

The most interesting redox-based results are those ob-
served at 3 mM of HOCI at all incubation times. In detail,
after 10 min, cell survival increased but declined after 1 h,
as anticipated. The redox pattern was consistent, though,
since GSH and ROS levels were enhanced and decreased,
respectively after 10 min, 1 h and 24 h of incubation. The
intensification of the cellular antioxidant defence and the
scavenging of ROS appears to be crucial reasons for the
induction of cell growth after 10 min of incubation with
HOCI. Furthermore, the enhanced levels of GSH could pu-
tatively be a crucial mechanism for cell survival. Indeed,
the only concentration of HOCI where the cell growth re-
mained unaffected after 24 h was 3 mM. In conclusion, al-
though HOCI has not been measured at the concentration
of 3 mM in vivo, it appears that the in vivo-like model cre-
ated herein can putatively give mechanistic answers about
the role of this intriguing RCS on inflammation and cell
growth. Interestingly, a similar finding has been recently
reported about the effect of HOCI on smooth muscle cells.
Specifically, pre-treatment of matrices with HOCI induced
chemical and structural changes of extracellular matrix
proteins and these modifications contributed, amongst
other behaviour changes, to enhanced proliferation of hu-
man coronary artery smooth muscle cells [66].

It must be stated that this investigation touches upon
one of the most fundamental queries of biology, that is
whether in vivo-like (i.e., in vitro) simulation models are
able to offer mechanistic answers to questions concerning
in vivo settings. In other words, the creation of quantitative
in vitro models that promote the understanding of cellular
behaviour in vivo is a major challenge for modern science
[23,67]. The correct creation of simulation in vitro models
with the potential to promote the comprehension of in vivo
biological redox pathways and to face the reasonable dis-
crepancies between them is undoubtedly a reliable tool for
redox biology [23,68].

In conclusion, the present investigation reports for the
first time the effect of HOCI, a rather neglected RCS, on
the viability of skeletal muscle cells. Furthermore, we pre-
sent preliminary findings for creating an in vifro model,
alternatively characterized as an in vivo-like setting (simu-
lation of in vivo conditions) of HOCl-induced inflamma-
tion and proliferation on muscle cells, which is the first
step of muscle regeneration. Finally, it appears that HOCl
promotes muscle cell growth in a redox-dependent man-
ner, offering a notion concerning a putative role of this
molecule on muscle regeneration.




Hypochlorous acid-dependent C2C12 growth.

Cell. Mol. Biol. 2024, 70(10): 1-8

Acknowledgements

This work was partially funded by the Postgraduate Pro-
grams of “Applications of Molecular Biology and Genet-
ics—Diagnostic Markers” and ‘“Bioentrepreneurship” of
the Department of Biochemistry and Biotechnology of the
University of Thessaly.

Interest conflict
The authors declare no conflict of interest.

Author’s contribution

Kalliopi Liadaki and Aristidis S. Veskoukis: Conceptu-
alization. Writing-Original draft, Methodology, Writing-
Review and Editing, Supervision. Zoi Skaperda, Christina
Christodoulou and Demetrios Kouretas: Investigation.
Christina Christodoulou and Aristidis S. Veskoukis: For-
mal Analysis. Kalliopi Liadaki and Demetrios Kouretas:
Funding Acquisition. All authors have read and agreed to
the published version of the manuscript.

References

1. Buckingham M, Montarras D (2008). Skeletal muscle stem cells.
Curr Opin Genet Dev 18: 330-336. https://doi.org/10.1016/].
2de.2008.06.005.

2. Dumont NA, Rudnicki MA (2017). Characterizing satellite cells
and myogenic progenitors during skeletal muscle regeneration.
Methods Mol Biol 1560: 179-188. https://doi.org/10.1007/978-1-
4939-6788-9_12.

3. Goldring K, Partridge T, Watt D (2002). Muscle stem cells. J
Pathol 197: 457-467. https://doi.org/10.1002/path.1157.

4.  Liadaki K, Kho AT, Sanoudou D, Schienda J, Flint A, Beggs AH,
Kohane IS, Kunkel LM (2005). Side population cells isolated
from different tissues share transcriptome signatures and express
tissue-specific markers. Exp Cell Res 303: 360-374. https://doi.
org/10.1016/j.yexcr.2004.10.011.

5. Chang NC, Rudnicki MA (2014). Satellite cells: the architects
of skeletal muscle. Curr Top Dev Biol 107: 161-181. https://doi.
org/10.1016/B978-0-12-416022-4.00006-8.

6. Comai G, Tajbakhsh S (2014). Molecular and cellular regulation
of skeletal myogenesis. Curr Top Dev Biol 110: 1-73. https://doi.
org/10.1016/B978-0-12-405943-6.00001-4.

7. Seale P, Rudnicki MA (2000). A new look at the origin, function,
and “stem-cell” status of muscle satellite cells. Dev Biol 218:
115-124. https://doi.org/10.1006/dbio.1999.9565.

8. Snijders T, Nederveen JP, Mckay BR, Joanisse S, Verdijk LB,
Van Loon LJ, Parise G (2015). Satellite cells in human skeletal
muscle plasticity. Front Physiol 6: 283. https://doi.org/10.3389/
fphys.2015.00283.

9.  Papanikolaou K, Veskoukis AS, Draganidis D, Baloyiannis I,
Deli CK, Poulios A, Jamurtas AZ, Fatouros 1G (2020). Redox-
dependent regulation of satellite cells following aseptic muscle
trauma: Implications for sports performance and nutrition. Free
Radic Biol Med 161: 125-138. https://doi.org/10.1016/j.freerad-
biomed.2020.10.001.

10. Chazaud B (2020). Inflammation and Skeletal Muscle Regenera-
tion: Leave It to the Macrophages. Trends Immunol 41: 481-492.
https://doi.org/10.1016/].it.2020.04.006.

11. Howard EE, Pasiakos SM, Blesso CN, Fussell MA, Rodriguez
NR (2020). Divergent roles of inflammation in skeletal muscle re-
covery from injury. Front Physiol 11: 87. https://doi.org/10.3389/
fphys.2020.00087.

12. Yang W, Hu P (2018). Skeletal muscle regeneration is modu-
lated by inflammation. J Orthop Translat 13: 25-32. https://doi.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

org/10.1016/j.jot.2018.01.002.

Halliwell B, Gutteridge JMC (2015). In: Free radicals in biology
and medicine, New York Oxford University Press, United King-
dom, pp. 65-66.

Salvioli S, Monti D, Lanzarini C, Conte M, Pirazzini C, Bacalini
MG, Garagnani P, Giuliani C, Fontanesi E, Ostan R, Bucci L,
Sevini F, Yani SL, Barbieri A, Lomartire L, Borelli V, Vianello D,
Bellavista E, Martucci M, Cevenini E, Pini E, Scurti M, Biondi F,
Santoro A, Capri M, Franceschi C (2013). Immune system, cell
senescence, aging and longevity--inflamm-aging reappraised.
Curr Pharm Des 19: 1675-1679. https://doi.org/10.2174/138161
2811319090015.

Spanidis Y, Veskoukis AS, Papanikolaou C, Stagos D, Priftis A,
Deli CK, Jamurtas AZ, Kouretas D (2018). Exercise-induced re-
ductive stress is a protective mechanism against oxidative stress
in peripheral blood mononuclear cells. Oxid Med Cell Longev
2018; 3053704. https://doi.org/10.1155/2018/3053704.
Veskoukis AS, Nikolaidis MG, Kyparos A, Kokkinos D, Nepka
C, Barbanis S, Kouretas D (2008). Effects of xanthine oxidase
inhibition on oxidative stress and swimming performance in rats.
Appl Physiol Nutr Metab 33: 1140-1154. https://doi.org/10.1139/
HO08-102.

Veskoukis AS, Kyparos A, Stagos D, Kouretas D (2010). Differ-
ential effects of xanthine oxidase inhibition and exercise on albu-
min concentration in rat tissues. Appl Physiol Nutr Metabol 35:
244-250. https://doi.org/10.1139/H10-013.

Veskoukis AS, Goutianos G, Paschalis V, Margaritelis NV, Tziou-
ra A, Dipla K, Zafeiridis A, Vrabas IS, Kyparos A, Nikolaidis MG
(2016). The rat closely mimics oxidative stress and inflammation
in humans after exercise but not after exercise combined with vi-
tamin C administration. Eur J Appl Physiol 116: 791-804. https://
doi.org/10.1007/s00421-016-3336-8.

Spanou CI, Veskoukis AS, Stagos D, Liadaki K, Aligiannis N, An-
gelis A, Skaltsounis AL, Anastasiadi M, Haroutounian SA, Koure-
tas D (2012). Effects of Greek legume plant extracts on xanthine
oxidase, catalase and superoxide dismutase activities. J Physiol
Biochem 68: 37-45. https://doi.org/10.1007/s13105-011-0117-z.
Veskoukis AS, Nikolaidis MG, Kyparos A, Kouretas D (2009).
Blood reflects tissue oxidative stress depending on biomarker and
tissue studied. Free Radic Biol Med 47: 1371-1374. https://doi.
org/10.1016/j.freeradbiomed.2009.07.014.

Veskoukis AS, Kyparos A, Nikolaidis MG, Stagos D, Aligiannis
N, Halabalaki M, Chronis K, Goutzourelas N, Skaltsounis L,
Kouretas D (2012). The antioxidant effects of a polyphenol-rich
grape pomace extract in vitro do not correspond in vivo using
exercise as an oxidant stimulus. Oxid Med Cell Longev 2012;
185867. https://doi.org/10.1155/2012/185867.

Veskoukis AS, Tsatsakis AM, Kouretas D (2012). Dietary oxida-
tive stress and antioxidant defense with an emphasis on plant ex-
tract administration. Cell Stress Chaperones 17: 11-21. https://doi.
org/10.1007/s12192-011-0293-3.

Veskoukis AS, Paschalis V, Kyparos A, Nikolaidis MG (2018).
Administration of exercise-conditioned plasma alters muscle
catalase kinetics in rat: An argument for in vivo-like Km in-
stead of in vitro-like Vmax. Redox Biol 15: 375-379. https://doi.
org/10.1016/j.redox.2018.01.001.

Fu X, Mueller DM, Heinecke JW (2002). Generation of intramo-
lecular and intermolecular sulfenamides, sulfinamides, and sul-
fonamides by hypochlorous acid: a potential pathway for oxida-
tive cross-linking of low-density lipoprotein by myeloperoxidase.
Biochem 41: 1293-1301. https://doi.org/10.1021/bi015777z.
Gebicka L, Banasiak E (2012). Hypochlorous acid-induced heme
damage of hemoglobin and its inhibition by flavonoids. Toxicol In
Vitro 26: 924-929. https://doi:10.1016/j.tiv.2012.04.010.




Hypochlorous acid-dependent C2C12 growth.

Cell. Mol. Biol. 2024, 70(10): 1-8

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ray RS, Katyal A (2016). Myeloperoxidase: bridging the gap in
neurodegeneration. Neurosci Biobehav Rev 68: 611-620. https://
doi.org/10.1016/j.neubiorev.2016.06.031.

Sharma RN, Goel S (2007). Chlorinated drinking water, cancers
and adverse health outcomes in Gangtok, Sikkim, India. J Environ
Sci Eng 49: 247-54.

Straface E, Marchesi A, Gambardella L, Metere A, Tarissi de Jaco-
bis I, Viora M, Giordani L, Villani A, Del Principe D, Malorni W,
Pietraforte D (2012). Does oxidative stress play a critical role in
cardiovascular complications of Kawasaki disease? Antioxid Re-
dox Signal 17: 1441-1446. https://doi.org/10.1089/ars.2012.4660.
Casciaro M, Di Salvo E, Pace E, Ventura-Spagnolo E, Navarra M,
Gangemi S (2017). Chlorinative stress in age-related diseases: a
literature review. Immun Ageing 14: 21. https://doi.org/10.1186/
s12979-017-0104-5.

Winterbourn CC, Kettle AJ (2000). Biomarkers of myeloperox-
idase-derived hypochlorous acid. Free Radic Biol Med 29: 403-
4009. https://doi.org/10.1016/s0891-5849(00)00204-5.

Shao B, Tang C, Heinecke JW, Oram JF (2010). Oxidation of
apolipoprotein A-I by myeloperoxidase impairs the initial interac-
tions with ABCA1 required for signaling and cholesterol export.
J Lipid Res 51: 1849-1858. https://doi.org/10.1194/j1r.M004085.
Rayner BS, Zhang Y, Brown BE, Reyes L, Cogger VC, Hawkins
CL (2018). Role of hypochlorous acid (HOCI) and other inflam-
matory mediators in the induction of macrophage extracellular
trap formation. Free Radic Biol Med 129: 25-34. https://doi.
org/10.1016/j.freeradbiomed.2018.09.001.

Lian D, Chen M-M, Wu H, Deng S, Hu X (2022). The Role of Oxi-
dative Stress in Skeletal Muscle Myogenesis and Muscle Disease.
Antioxidants 11: 755. https://doi.org/10.3390/antiox11040755.
Toumi H, Best TM (2003). The inflammatory response: friend or
enemy for muscle injury? Br J Sports Med 37: 284-286. https://
doi.org/10.1136/bjsm.37.4.284.

Arnold L, Henry A, Poron F, Baba-Amer Y, van Rooijen N, Plon-
quet A, Gherardi RK, Chazaud B (2007). Inflammatory monocytes
recruited after skeletal muscle injury switch into antiinflammatory
macrophages to support myogenesis. ] Exp Med 204: 1071-1081.
https://doi.org/10.1084/jem.20070075.

Martinez CO, McHale MJ, Wells JT, Ochoa O, Michalek JE, Mc-
Manus LM, Shireman PK (2010). Regulation of skeletal muscle
regeneration by CCR2-activating chemokines is directly related to
macrophage recruitment. Am J Physiol Regul Integr Comp Physi-
ol 299: R832-R842. https://doi.org/10.1152/ajpregu.00797.2009.
Ochoa O, Sun D, Reyes-Reyna SM, Waite LL, Michalek JE,
McManus LM, Shireman PK (2007). Delayed angiogenesis and
VEGF production in CCR2-/- mice during impaired skeletal mus-
cle regeneration. Am J Physiol Regul Integr Comp Physiol 293:
R651-R661. https://doi.org/10.1152/ajpregu.00069.2007.

Peake JM, Neubauer O, Della Gatta PA, Nosaka K (2017). Mus-
cle damage and inflammation during recovery from exercise. J
Appl Physiol 122: 559-570. https://doi.org/10.1152/japplphysi-
01.00971.2016.

Saito Y, Chikenji TS, Matsumura T, Nakano M, Fujimiya M
(2020). Exercise enhances skeletal muscle regeneration by pro-
moting senescence in fibro-adipogenic progenitors. Nat Commun
11: 889. https://doi.org/10.1038/s41467-020-14734-x.

Liadaki K, Montanaro F, Kunkel LM (2006). In: Duchenne Mus-
cular Dystrophy: Advances in therapeutics. Chamberlain JS. and
Rando TA. (eds.), Marcel Dekker Inc., New York, pp. 295-317.
Liadaki K, Casar JC, Wessen M, Luth ES, Jun S, Gussoni E, Kun-
kel LM (2012). B4 integrin marks interstitial myogenic progenitor
cells in adult murine skeletal muscle. J Histochem Cytochem 60:
31-44. https://doi.org/10.1369/0022155411428991.

Luth ES, Jun SJ, Wessen MK, Liadaki K, Gussoni E, Kunkel

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

LM (2008). Bone marrow side population cells are enriched for
progenitors capable of myogenic differentiation. J Cell Sci 121:
1426-1434. https://doi.org/10.1242/jcs.021675.

Montanaro F, Liadaki K, Volinski J, Flint A, Kunkel LM (2003).
Skeletal muscle engraftment potential of adult mouse skin side
population cells. Proc Natl Acad Sci USA 100: 9336-9341. https://
doi.org/10.1073/pnas.1133179100.

Whiteman M, Spencer JPE, Szeto HH, Armstrong JS (2008).
Do mitochondriotropic antioxidants prevent chlorinative stress-
induced mitochondrial and cellular injury? Antioxid Redox Signal
10: 641-650. https://doi.org/10.1089/ars.2007.1879.

Mallis R, Hamann MJ, Zhao W, Zhang T, Hendrich S, Thomas
JA (2002). Irreversible thiol oxidation in carbonic anhydrase III:
protection by S-glutathiolation and detection in aging rats. Biol
Chem 38: 649-662. https://doi.org/10.1515/BC.2002.067.

Baskol G, Demir H, Baskol M, Kilic E, Ates F, Karakukcu C, Ust-
dal M (2006). Investigation of protein oxidation and lipid peroxi-
dation in patients with rheumatoid arthritis. Cell Biochem Funct
24:307-311. https://doi.org/10.1002/cbf.1257.

Jaimes EA, Sweeney C, Raij L (2001). Effects of the reactive oxy-
gen species hydrogen peroxide and hypochlorite on endothelial
nitric oxide production. Hypertension 38: 877-883.

Gling6r N, Knaapen AM, Munnia A, Peluso M, Haenen GR, Chiu
RK, Godschalk RW, van Schooten FJ (2010). Genotoxic effects
of neutrophils and hypochlorous acid. Mutagenesis 25: 149-154.
https://doi.org/10.1093/mutage/gep053.

Katrantzis M, Baker MS, Handley CJ, Lowther DA (1991). The
oxidant hypochlorite (OCl-), a product of the myeloperoxidase
system, degrades articular cartilage proteoglycan aggregate.
Free Radic Biol Med 10: 101-109. https://doi.org/10.1016/0891-
5849(91)90003-1.

Fan X, Hussien R, Brooks GA (2010). H202-induced mi-
tochondrial fragmentation in C2C12 myocytes. Free Radic
Biol Med 49(11):1646-54.  https://doi:10.1016/j.freerad-
biomed.2010.08.024.

Li J, Yang Q, Han L, Pan C, Lei C, Chen H, Lan X (2020).
C2C12 Mouse Myoblasts Damage Induced by Oxidative Stress
Is Alleviated by the Antioxidant Capacity of the Active Substance
Phloretin. Front Cell Dev Biol. 8: 541260. https://doi:10.3389/
fcell.2020.541260.

Fujita H, Mae K, Nagatani H, Horie M, Nagamori E (2021). Ef-
fect of hydrogen peroxide concentration on the maintenance and
differentiation of cultured skeletal muscle cells. J Biosci Bio-
eng. 131(5):572-578. https://doi:10.1016/j.jbiosc.2020.12.010.
Choi YH (2018). Schisandrin A prevents oxidative stress-induced
DNA damage and apoptosis by attenuating ROS generation
in C2C12 cells. Biomed Pharmacother 106: 902-909. https://
doi:10.1016/j.biopha.2018.07.035.

Kim JS, Yi HK (2018). Schisandrin C enhances mitochondrial
biogenesis and autophagy in C2C12 skeletal muscle cells: poten-
tial involvement of antioxidative mechanisms. N S Arch Pharma-
col 391: 197-206. https://doi:10.1007/s00210-017-1449-1.
McArdle F, Spiers S, Aldemir H, Vasilaki A, Beaver A, Iwan-
ejko L, McArdle A, Jackson MJ (2004). Preconditioning of
skeletal muscle against contraction-induced damage: the role of
adaptations to oxidants in mice. J Physiol 561: 233e244. https://
doi:10.1113/jphysiol.2004.069914.

Lee MH, Han MH, Lee DS, Park C, Hong SH, Kim GY, Hong SH,
Song KS, Choi IW, Cha HJ, Choi YH (2017). Morin exerts cyto-
protective effects against oxidative stress in C2C12 myoblasts via
the upregulation of Nrf2-dependent HO-1 expression and the ac-
tivation of the ERK pathway. Int J Mol Med 39:399¢406. https://
doi:10.3892/ijmm.2016.2837.

Gulden M, Jess A, Kammann J, Maser E, Seibert H (2010). Cy-




Hypochlorous acid-dependent C2C12 growth.

Cell. Mol. Biol. 2024, 70(10): 1-8

58.

59.

60.

61.

62.

63.

totoxic potency of H202 in cell cultures: impact of cell concen-
tration and exposure time. Free Radic Biol Med 49: 1298e1305.
https://doi:10.1016/j.freeradbiomed.2010.07.015.

Wiese AG, Pacifici RE, Davies KJA (1995). Transient adaptation
to oxidative stress in mammalian cells. Arch Biochem Biophys
318:231-240. https://doi:10.1006/abbi.1995.1225.

Davies KJA (1999). The broad spectrum of responses to oxi-
dants in proliferating cells: a new paradigm for oxidative stress.
IUBMB Life 48:41-47. https://doi:10.1080/713803463.

Flouda K, Mercer J, Davies MJ, Hawkins CL (2021). Role of
myeloperoxidase-derived oxidants in the induction of vascular
smooth muscle cell damage. Free Radic Biol Med 166: 165-177.
https://doi.org/10.1016/j.freeradbiomed.2021.02.021.

Guo C, Sileikaite I, Davies MJ, Hawkins CL (2020). Myeloper-
oxidase Modulates Hydrogen Peroxide Mediated Cellular Dam-
age in Murine Macrophages. Antioxidants 9: 1255. https://doi.
org/10.3390/antiox9121255.

Sugiyama S, Kugiyama K, Aikawa M, Nakamura S, Ogawa H,
Libby P (2004). Hypochlorous acid, a macrophage product, in-
duces endothelial apoptosis and tissue factor expression - involve-
ment of myeloperoxidase-mediated oxidant in plaque erosion and
thrombogenesis. Arterioscler Thromb Vasc Biol 24: 1309-1314.
https://doi.org/10.1161/01.ATV.0000131784.50633 .4f.

Vissers MCM, Pullar JM, Hampton MB (1999). Hypochlorous
acid causes caspase activation and apoptosis or growth arrest in

64.

65.

66.

67.

68.

human endothelial cells. Biochem J 344: 443-449.

Whiteman M, Rose P, Siau JL, Cheung NS, Tan GS, Halliwell B,
Armstrong JS (2005). Hypochlorous acid-mediated mitochondrial
dysfunction and apoptosis in human hepatoma HEPG2 and hu-
man fetal liver cells: role of mitochondrial permeability transition.
Free Radic Biol Med 38: 1571-1584. https://doi.org/10.1016/j.fre-
eradbiomed.2005.02.030.

Yap YW, Whiteman M, Bay BH, Li YH, Sheu FS, Qi RZ, Tan
CH, Cheung NS (2006). Hypochlorous acid induces apoptosis
of cultured cortical neurons through activation of calpains and
rupture of lysosomes. J Neurochem 98: 1597-1609. https://doi.
org/10.1111/5.1471-4159.2006.03996.x.

Cai H, Chuang CY, Vanichkitrungruang S, Hawkins CL, Davies
MJ (2019). Hypochlorous acid-modified extracellular matrix
contributes to the behavioral switching of human coronary artery
smooth muscle cells. Free Radic Biol Med 134: 516-526. https://
doi.org/10.1016/j.freeradbiomed.2019.01.044.

Adamczyk M, van Eunen K, Bakker BM. Westerhoff HV (2011).
Enzyme kinetics for systems biology when, why and how. Meth-
ods Enzymol 500: 233-257. https://doi.org/10.1016/B978-0-12-
385118-5.00013-X.

van Eunen K, Bakker BM (2014). The importance and challenges
of in vivo-like enzyme kinetics. Perspect Sci 1: 126-130. https://
doi.org/10.1016/j.pisc.2014.02.011.




