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Abstract

In the last decades, ozone (O3)-based medical treatments have become a widely applied
complementary therapy for several pathological conditions. O3 is administered at low
dosages since the induction of a mild oxidative stress does not cause damage but stimulates
the antioxidant cell response through the nuclear factor erythroid 2-related factor 2 (Nrf2).
Mitochondria are sensitive to even mild oxidative stress, thus being a responsive target
for O3. This study aimed to evaluate the mitochondrial response to low O3 doses used
for medical treatments. As the skeletal muscle represents a primary target in local O3

treatments, a murine non-tumoral muscle cell line was selected as an appropriate in vitro
model. Transmission electron microscopy, biochemistry, and flow cytometry provided
original information on the O3 dose-dependent modifications of mitochondrial structural
and molecular features. Low O3 doses promoted an increase in mitochondrial area and in
cristae extension, as well as an enhancement of the electron transport chain complexes and
of antioxidant catalase and manganese-dependent superoxide dismutase. Nrf2 maintained
its association with the outer mitochondrial membrane, thus exerting its protective role. All
mitochondrial modifications were observed 24 h after treatment and disappeared after 48 h,
demonstrating that cells promptly respond to the O3-driven oxidative stress, effectively
restoring homeostasis.

Keywords: medical ozone; reactive oxygen species; mitochondrial size; mitochondrial
cristae; mitochondrial respiratory chain complexes; nuclear factor erythroid 2-related factor
2 (Nrf2); transmission electron microscopy

1. Introduction
Ozone (O3) is an unstable gas, naturally abundant in the atmosphere, which rapidly

decomposes into oxygen (O2). In the last decades, O3-based therapies have become a widely
and successfully applied complementary treatment for several pathological conditions in
the medical field [1–4]. According to the low-dose concept by Viebahn-Hänsler et al. [5],
O3 is administered at low dosages as O2–O3 mixtures. In fact, the therapeutic efficacy of
O3 relies on the induction of an oxidative “eustress” [6], i.e., a mild oxidative stress able
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to stimulate an antioxidant cell response without causing damage [2,7]. The treatment
with low doses of O3 promotes the activation of cytoprotective pathways dependent on
nuclear factor erythroid 2-related factor 2 (Nrf2) [8], which upregulates the expression of
the Antioxidant Response Elements (ARE)-driven genes [9–11]. In the cytoplasm, Nrf2 is
complexed with Kelch-like ECH-associated protein1 (Keap1), which, as a crucial sensor of
oxidative stress [12], targets Nrf2 for continuous proteasomal degradation [13–15]. Thus,
Nrf2 transcriptional activity is suppressed [12]. Under oxidative conditions, the chemical
modification of Keap1 [16,17] as well as the disruption of the Keap1-Nrf2 binding inter-
face [18,19] hinders the Nrf2 degradation, allowing its translocation into the nucleus [20]
and the Nrf2-mediated transcription of ARE-driven genes [9,21], thus sustaining an antiox-
idant cell response.

Interestingly, Nrf2 and Keap1 have also been demonstrated to occur on the mito-
chondrial outer membrane, forming ternary complexes with the Keap1-binding protein
phosphoglycerate mutase family member 5 [22,23]. This would further confirm the key
role of Nrf2 in maintaining cell redox homeostasis through the regulation and support of
mitochondrial functional integrity [24]. Mitochondria, cell organelles involved in more
than just maintaining adenosine triphosphate (ATP) levels [25], are known to be sensitive to
even mild oxidative stress [26], thus being a responsive target for O3. In fact, a production
of reactive oxygen species (ROS) characterizes the reaction of O3 with unsaturated fatty
acids [27]. Moreover, it is worth considering that the mitochondrion itself is a significant
source of ROS [28]. ROS, until recently considered exclusively harmful byproducts, are now
recognized as a key element in redox signaling, which regulates physiological functions
and governs the onset of biological responses [29], thus making essential the maintenance
of an appropriate balance between ROS generation and ROS scavenging [30].

The present study aimed to evaluate the long-lasting response of mitochondria at 24 h
and 48 h from the exposure to the mild oxidative stress induced by low O3 doses (from
10 to 40 µg O3/mL O2), which are widely used for medical treatments. Since the skeletal
muscle represents a primary target in local O3 therapeutic treatments, the immortalized
non-tumoral muscle cell line C2C12 was used as an in vitro model suitable for application
of refined techniques under strictly controlled experimental conditions. An integrated
multimodal approach, including ultrastructural morphometry and immunocytochemistry,
biochemical assays, and flow cytometry, provided original information on the O3 dose-
dependent modifications of mitochondrial structural and molecular features.

2. Results
2.1. Cell Viability

The MTT assay was used to evaluate the cell viability of C2C12 cells at 24 h and 48 h
from the treatment with 10 µg O3, 20 µg O3, 30 µg O3, or 40 µg O3/mL O2. Exposure of the
cells to pure O2 was used to discriminate the O3 effect. The treatment with air represented
the control condition. At 24 h, the viability of cells treated with 10 µg O3 and 30 µg O3

was similar to control, whereas cells treated with O2, 20 µg O3 and 40 µg O3 showed
significantly lower values when compared to control (p = 0.02, 0.01, 0.01, respectively)
(Figure 1). At 48 h, the viability was similar to control in cells treated with O2, 10 µg O3 and
30 µg O3, while it was further reduced in cells treated with 20 µg O3 (although remaining
above 60%) in comparison to control (p = 0.02). In 40 µg O3-treated cells, the viability was
lower than 60% compared to the control (p = 0.01) (Figure 1). At both 24 h and 48 h, the
viability in 40 µg O3-treated cells was significantly lower than in 20 µg O3-treated cells
(p = 0.01). For this reason, this 40 µg O3 concentration was excluded from further investiga-
tions, apart from ultrastructural morphology.
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Figure 1. Mean ± SEM values of cell viability as assessed by the MTT assay on C2C12 cells 24 h and
48 h after gas exposure. The absorbance values were normalized to the control (CTR), which was
fixed at 100. Asterisks (*) indicate a significant difference in comparison with the control. Data are
representative of three independent experiments.

2.2. Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential represents a parameter of mitochondrial func-
tionality and was measured by using the JC-1 dye. JC-1 accumulates in the mitochondria,
emitting either green or red fluorescence depending on the membrane potential, green
fluorescence identifying depolarized (i.e., less functional) mitochondria while red fluores-
cence identifies polarized (i.e., highly functional) ones. The JC-1 signal was quantified
by flow cytometry, and the green-to-red fluorescence ratio was calculated. No significant
modification was found at 24 h and 48 h from any treatment in comparison to the control
(Figure 2).

Figure 2. Mean values ± SEM of the JC-1 signal expressed as the ratio between green (identifying
depolarized mitochondria) and red fluorescence (identifying polarized mitochondria). No statistically
significant difference with the respective control was found 24 h or 48 h after gas exposure. Data are
representative of three independent experiments.

2.3. Cellular ATP Levels

The quantification of cellular ATP was used as an index of ATP production and use.
The ATP levels were measured at 24 h and 48 h after the gas exposure. No statistically
significant difference was observed at all time points among the cell samples (Figure 3).

Figure 3. Mean ± SEM values of cellular ATP levels in the C2C12 cells 24 h and 48 h after gas
exposure. The percentage values were normalized to the control (CTR), which was fixed as 100%.
No statistically significant difference with the respective control was found 24 h or 48 h after gas
exposure. Data are representative of three independent experiments.
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2.4. Ultrastructural Analysis

Ultrastructural morphological evaluation revealed that control, O2-, 10 µg O3-, 20 µg
O3- and 30 µg O3-treated cells showed well-preserved, elongated mitochondria rich in
lamellar cristae without evident differences among the samples (Figure 4).

Figure 4. Transmission electron micrographs of mitochondria of control (CTR), O2-treated, 10 µg
O3-treated, 20 µg O3-treated and 30 µg O3-treated C2C12 cells 24 h and 48 h after gas exposure Bars,
250 nm.

Conversely, 40 µg O3-treated cells showed evident signs of necrosis with swollen and
emptied in cristae mitochondria (Figure 5).

At 24 h from treatment, morphometric analysis (Figure 6) demonstrated significantly
increased mitochondrial area in O2- (p = 0.014), 10 µg O3- (p = 0.049), 20 µg O3- (p < 0.001)
and 30 µg O3- (p < 0.001) treated cells compared to control. No significant difference
was found between O2- and 10 µg O3-treated cells, while both samples showed values
significantly lower than 20 µg O3- (p = 0.01 and p = 0.03, respectively) and 30 µg O3-

https://doi.org/10.3390/ijms27052267

https://doi.org/10.3390/ijms27052267


Int. J. Mol. Sci. 2026, 27, 2267 5 of 18

treated cells (p < 0.001). At 48 h from gas exposure, no significant modification was found
(Figure 6a).

Figure 5. Transmission electron micrographs of 40 µg O3-treated C2C12 cells at 24 h from gas
exposure. Focus on swollen and empty cristae mitochondria. Bars, 250 nm.

Figure 6. Mean values ± SEM of mitochondrial area (a) and cristae extension (b) 24 h and 48 h after
gas exposure. No statistically significant difference with the respective control was found 48 h after
gas exposure. Asterisks (*) indicate a statistically significant difference compared to the control (CTR).

At 24 h, the cristae extension, expressed as the ratio between the lengths of inner and
outer mitochondrial membranes, increased in O2- (p = 0.001), 10 µg O3- (p < 0.001), 20 µg
O3- (p < 0.001) and 30 µg O3- (p < 0.001) treated cells in comparison with the control. No
significant difference was found between O2- and 10 µg O3-, and between 20 µg O3- and
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30 µg O3-treated cells, while in 20 µg O3- and 30 µg O3-treated cells, the mitochondrial
cristae extension was significantly higher than in O2- and 10 µg O3-treated cells. At 48 h
from the treatment, the cell samples showed no significant difference (Figure 6b).

2.5. Immunocytochemical Detection of Nrf2

Ultrastructural immunocytochemistry was used to specifically visualize and quantify
the association of Nrf2 with the outer mitochondrial membrane.

In all samples, Nrf2 immunolabelling occurred in the cytoplasm both as a scattered
cytosolic signal and in association with the outer mitochondrial membrane (Figure 7a).

Figure 7. Representative image of immunolabelling for Nrf2 on the outer membrane of mitochon-
dria (a). Arrows, immunogold. m, mitochondria. Mean values ± SEM of Nrf2 immunolabelling
density at 24 h and 48 h from gas exposure (b). No statistically significant difference with the re-
spective control was found 48 h after gas exposure. Asterisk (*) indicates a statistically significant
difference compared to the control (CTR).

The immunolabelling density was expressed as the number of gold particles per length
unit of mitochondrial outer membrane (µm). At 24 h, a significantly lower Nrf2 density
was found in 20 µg O3-treated cells in comparison to the control (p = 0.02), 10 µg O3-
(p = 0.002) and 30 µg O3- (p = 0.003) treated samples. Nrf2 association with the outer
membrane was found to be significantly increased in 10 µg O3- and 30 µg O3- samples
compared to the O2-treated sample (p = 0.009 and p = 0.01, respectively) (Figure 7b). At
48 h, no significant difference was found among cell samples (Figure 7b).

Ultrastructural immunolabelling was also used to visualize and quantify the Nrf2
translocation into the nucleus (Figure 8), where this transcription factor stimulates ARE-
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gene expression. In all samples, Nrf2 immunolabelling was distributed in the euchromatin
space (Figure 8a). The immunolabelling density was quantified as the number of gold
particles per unit of nucleoplasmic area (µm2). At 24 h, Nrf2 density was significantly lower
in O2-, 20 µg O3- and 30 µg O3-treated cells in comparison with control (p < 0.001 for all)
and 10 µg O3-treated cells (p < 0.001 for all). In 10 µg O3-treated cells, Nrf2 density was
significantly higher than in control (p = 0.002) (Figure 8b).

Figure 8. Representative image of immunolabelling for Nrf2 (arrows) occurring on nucleoplasmic
area (a). Mean values ± SEM of Nrf2 immunolabelling density 24 h and 48 h after gas exposure (b).
Asterisks (*) indicate a statistically significant difference compared to the control (CTR).

At 48 h, no significant difference was found among control, 10 µg O3- and 20 µg
O3-treated cells. In both O2- and 30 µg O3-treated cells, a significantly lower Nrf2 density
was found in comparison with the control (p = 0.005 and p = 0.002, respectively), 10 µg O3

(p = 0.01 and p = 0.02, respectively) and 20 µg O3-treated cells (p < 0.001 for both) (Figure 8b).

2.6. Measurement of ROS Production

ROS production was measured 24 h and 48 h after gas treatment by 2′,7′-dichlorofluorescin
diacetate probe. Values were expressed as fold change with respect to the control. At 24 h,
no statistical difference was found among the samples. At 48 h, a significantly increased
ROS amount was found in cells treated with 30 µg O3 in comparison with the control
(p = 0.01) (Figure 9).
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Figure 9. Mean values ± SEM of ROS production 24 h and 48 h after gas exposure. Asterisk (*)
indicates a statistically significant difference compared to the control (CTR). Data are representative
of three independent experiments.

2.7. Catalase and Manganese-Dependent Superoxide Dismutase Quantification

The expression of the antioxidant enzymes catalase and manganese-dependent super-
oxide dismutase (MnSOD) was quantified by Western immunoblotting and expressed as
fold change with respect to control. After 24 h from gas exposure, the amount of catalase
was higher in 20 µg O3- (p = 0.04) and 30 µg O3- (p = 0.002) treated cells in compari-
son with the control, while an increase in MnSOD was found in 30 µg O3-treated cells
(p = 0.05) (Figure 10). At 48 h, no significant difference was found among the samples for
both enzymes (Figure 10).

Figure 10. Quantification of catalase and MnSOD expression. (a) Representative immunoblot of
catalase and MnSOD in CTR, O2-, 10 µg O3-, 20 µg O3- and 30 µg O3-treated cells 24 h and 48 h after
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gas exposure. (b) Amido black is shown as a loading control. (c) Mean values ± SEM of cata-
lase and MnSOD expression (fold change with respect to the relative control) at 24 h and 48 h.
Asterisks (*) indicate a statistically significant difference compared to the respective control (CTR).
Data are representative of three independent experiments.

2.8. Mitochondrial Respiratory Chain Complexes Quantification

The expression of the mitochondrial complexes of the respiratory chain (CI, CII, CIII,
CIV, and CV) was measured by Western immunoblotting 24 h and 48 h after gas exposure.

At 24 h, a significant increase in CI, CII, CIV, and CV was found in 20 µg O3- and
30 µg O3-treated cells in comparison with control (p < 0.05 for all), while the amount of
CIII significantly increased in 30 µg O3-treated cells only (p = 0.05) (Figure 11). At 48 h, the
expression of all complexes did not significantly differ among cell samples (Figure 11).

Figure 11. Quantification of the expression of electron transport chain complexes. (a) Represen-
tative immunoblot of CI, CII, CIII, CIV, and CV in CTR, O2-, 10 µg O3-, 20 µg O3-, and 30 µg
O3-treated cells 24 h and 48 h after gas exposure. (b) Amido black is shown as a loading con-
trol. (c) Mean values ± SEM of mitochondrial complexes CI, CII, CIII, CIV, and CV expression (fold
change with respect to the relative control). Asterisks (*) indicate a statistically significant difference
compared to the respective control (CTR). Data are representative of three independent experiments.
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3. Discussion
The MTT assay analysis confirmed the safety of 10 µg O3 and the reduction in cell

viability of C2C12 cells induced by treatment with 20 µg O3 [24], which, however, remained
above 80% at 24 h and 65% at 48 h from cell exposure. As demonstrated for other cell types,
30 µg O3 proved to be safe at 24 h [11,31] and 48 h [31], suggesting that this dose effectively
induced an antioxidant response sufficient to mitigate O3-induced ROS. Conversely, 40 µg
O3 significantly reduced cell viability at 24 h, causing a further reduction at 48 h, likely due
to excessive oxidative stress. Consistently, the evident cell damages and severe morpholog-
ical alterations of mitochondria already at 24 h from the gas exposure demonstrated that a
40 µg O3 concentration was not safe under our experimental conditions and justified the
exclusion of this O3 dosage from further investigations.

While the mitochondrial fine morphology was not affected by O3 exposure, some
morphometric modifications were observed after 24 h of treatment. The mitochondrial area
was affected by exposure to O3, causing a significant dose-dependent increase compared
to control cells. In particular, as already described in [24], mitochondrial enlargement
was induced by both O2 and 10 µg O3 vs. control, suggesting a hyperoxia-mediated
swelling [32] rather than an O3- mediated affection of the mitochondrial area. Treatments
with 20 and 30 µg O3 promoted an even more significant increase in mitochondrial area
compared to control, O2-treated and 10 µg O3-treated cells, consistent with previous
observations demonstrating that oxidative stress may cause mitochondrial swelling [33,34].
The cristae extension, strictly linked to the maximum O2 uptake [35], significantly increased
in O2- and all O3-treated cells at 24 h, likely responding to an increase in O2 availability.
Interestingly, exposure to 20 and 30 µg O3 increased cristae length compared to O2 and
10 µg O3, suggesting that O3 concentration may play a role. It is in fact known that O3 is
approximately tenfold more soluble than O2 and, decomposing back into O2, markedly
improves oxygenation [36]. It is therefore likely that 20 and 30 µg O3 can significantly
promote mitochondrial activity by improving O2 uptake.

Accordingly, the immunoblotting analysis demonstrated a significant increase in the
complexes of the electron transport chain (ETC) in cells treated with both 20 and 30 µg O3

at 24 h. ETC, embedded in the inner mitochondrial membrane, mediate the energetically
favorable transfer of electrons from a donor to a final electron acceptor through a series of
redox reactions (oxidative phosphorylation), ultimately driven by O2. This is coupled with
the pumping of protons (H+) through Complexes I, III, and IV into the intermembrane
space and the temporary storage of a form of energy named the protonmotive force, which
is used by Complex V to produce ATP. However, no change in cellular ATP amount in
comparison to the control was found in any sample. This phenomenon can be explained by
two hypotheses.

The increase in ETC complexes in cells exposed to the O3 highest doses (20 and 30 µg
O3) without changes in the amount of cellular ATP could be explained by supposing a bal-
ance between an increased production of ATP (mediated by the increased ETC complexes)
and its increased consumption consistent with the energy supplement needed for the
implementation of antioxidant mechanisms. The observed increase in both mitochondrial
area and cristae extension would therefore be related to increased respiratory activity [35].
Alternatively, we cannot exclude that an impaired degradation of the ETC complexes, with
their accumulation in the inner mitochondrial membrane and a consequent imbalance
in membrane proteostasis, could occur. In fact, it has been reported that oxidative stress
inhibits the proteolytic activity of the m-AAA (matrix-ATPase associated with various
cellular activities) inner membrane protease YME1L [37], leading to an accumulation of
its substrates, among which are subunits of the ETC complexes [38,39]. Moreover, YME1L
inhibition causes an impairment of the activity of the accumulated ETC complexes [38],
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which would therefore be unable to improve ATP production despite their higher amount.
In this case, ETC complexes’ accumulation could contribute to the enlargement of mito-
chondria as well as to the increase in cristae length. Interestingly, it has been reported that a
recovery of 24 h restores YME1L levels [37], according to the restoration of the homeostasis
condition observed in our cells after 48 h.

The parallel increase in ETC complexes pumping protons into the intermembrane
space (i.e., CI, CIII, and CIV) and mediating the re-entry of H+ back into the matrix (i.e., CV)
suggests a balanced increase in proton flux, thus preserving the mitochondrial membrane
potential (i.e., the electrochemical gradient generated by the ETC) as demonstrated by
the JC-1 assay. This finding, consistent with previous data obtained in C2C12 cells [24]
and in other cell types (e.g., [40]), demonstrates that the low O3 doses used in the present
study induced only a mild oxidative stress without impairing mitochondrial functionality.
In contrast, higher O3 doses (80 µg) have shown to reduce the activity of mitochondrial
complexes [41], indicating that excessive oxidative stress impairs mitochondrial function.

O3 reacts with unsaturated fatty acids, leading to the production of ROS, mainly hy-
drogen peroxide, together with the formation of lipid ozonation products [27]. To maintain
cellular redox homeostasis, ROS production should be counterbalanced by an antioxi-
dant response mediated by increased expression of antioxidant enzymes, as previously
demonstrated for Heme oxygenase 1 in other cell types treated with 10 µg O3 [1,10,11].
Accordingly, no alteration in ROS amount was observed in the C2C12 cells exposed to
10 µg O3, 20 µg O3 and 30 µg O3 at 24 h. Interestingly, an increase in catalase and MnSOD
enzymes was found in 20 µg O3- and 30 µg O3-treated cells, consistent with the cells’
attempt to compensate for the oxidative stress caused by these O3 concentrations. Catalase
maintains cellular redox homeostasis and prevents oxidative stress-related damage [42] by
scavenging hydrogen peroxide to water and molecular oxygen, thus avoiding toxic H2O2

accumulation. The efficient clearance of ROS is also guaranteed by MnSOD, which localizes
in the mitochondrial matrix and intermembrane space [43], thus protecting mitochondria
from ROS produced by the ETC [44].

Nrf2 is a transcription factor that mediates the antioxidant cell response [9]. When
in the cytoplasm, Nrf2 is complexed with Keap1 and basically degraded. The continuous
proteasomal degradation of Nrf2 is prevented by the Keap1 cysteine residues modification
by oxidative signals [45], being Keap1 a direct ROS target [22,46]. Thus, Nrf2 translocates
into the nucleus, where it stimulates the expression of ARE-driven antioxidant genes [9,21].
According to Cappellozza et al. [11], a similar higher Nrf2 nucleoplasmic density was found
in 10 µg O3-treated cells at 24 h from exposure. At 48 h, Nrf2 density remained low in 30 µg
O3-treated cells, suggesting a time-dependent ineffectiveness of the antioxidant response
to this O3 dose, consistent with the high ROS production found in these cells at 48 h.

In the cytoplasm, Nrf2 and Keap1 also form a ternary complex with the Keap1-binding
protein phosphoglycerate mutase family member 5 on the outer mitochondrial mem-
brane [22,23]. Here, Nrf2 would function as a sensor of ROS production [46], directly
impacting mitochondrial preservation [22]. Thus, Nrf2 is involved in the mitochondrial
functional modulation under stress conditions [16,47,48], regulating ROS production [47].
Accordingly, the redox bioregulation induced by O3 treatment has been found to pro-
tect mitochondria from the high oxidative stress generated during ischemia-reperfusion
in vivo [49]. At 24 h from treatment, Nrf2 immunolabelling density on the outer mito-
chondrial membrane was significantly lower in 20 µg O3-treated than in control, 10 µg
O3- and 30 µg O3-treated cells. However, this seems to have no effect on mitochondria. In
fact, although the Nrf2 deficiency has previously been proven to result in an increase in
ROS [16], under our experimental conditions, no change in the amount of ROS was found
24 h post-treatment, confirming the effective response of the O3-driven antioxidant pathway.
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Moreover, mitochondrial functionality was not only preserved but even improved after
treatment with 20 µg O3, as demonstrated by ultrastructural and biochemical findings.

4. Materials and Methods
4.1. Cell Culture and Treatment

Mouse muscle myoblasts C2C12 (LGC Limited, Guilford, UK, ATCC-CRL-1772; ge-
nomics data in Gene Expression Omnibus at https://www.ncbi.nlm.nih.gov/geo/, ac-
cessed on 3 September 2024) were grown in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 1%
penicillin/streptomycin, 0.5% amphotericin-B (all reagents were purchased from Gibco,
Waltham, MA, USA) at 37 ◦C in a 5% CO2 humidified atmosphere in T75 flasks.

The cells were exposed to O2–O3 gas mixtures produced by an Ozonline E80 apparatus
(Multisales S.r.l., Bergamo, Italy) from medical-grade O2. The apparatus allows photometric
real-time control of O3 concentration and gas flow rate. O3 was used at the concentrations
currently administered in the clinical practice for intramuscular injections, i.e., 10, 20, 30
and 40 µg O3/mL O2. Pure O2 was administered to cells to discern the effect elicited by O3

from O2, as gas treatment is dispensed as a mixture of the two. Control cells underwent the
same handling, being therefore exposed to air, without exposure to the O2–O3 gas mixture
or pure O2.

When sub-confluent (80%), the cells were detached using 0.25% trypsin/EDTA (Gibco,
Waltham, MA, USA) and seeded for specific analyses. For MTT cell viability assays
and ROS evaluation, samples of 4 × 106 cells were suspended in a 10 mL medium in a
20 mL polypropylene (O3-resistant) syringe (Terumo Medical Corporation, Somerset, NJ,
USA). An equal volume of gas (10 mL) was then collected into the syringe (so that the
final gas pressure corresponded to the atmospheric one) through a sterile filter to avoid
contamination. The sample was gently and continuously mixed with the gas mixture for
10 min since it has been ascertained that during this period, cell samples react with the O3

dose totally. The cells were then seeded in a 96-well plate after gas treatment and analyzed.
For the morphological and morphometric analyses at transmission electron microscopy,
cells were seeded on glass coverslips (24 × 24 mm), allowed to adhere for 24 h and then
subjected to gas exposure by placing the coverslips into a 50 mL polypropylene syringe
containing 20 mL culture medium. The syringe was then connected to the Ozonline E80
output valve, and an equal volume (20 mL) of gas was collected through a sterile filter.
After gently moving for 10 min to dissolve the gas in the medium, the coverslips were
taken out of the syringe, placed in wells containing fresh culture medium and incubated
for the appropriate times for the analyses.

4.2. The MTT Assay

The C2C12 cells were seeded in flat-bottom 96 multi-well plates at a density of
5 × 103 cells/well. Five wells for each condition were seeded, and the assay was per-
formed on samples derived from three independent experiments.

The MTT assay was performed 24 h and 48 h after treatments. Briefly, the medium
was replaced with 100 µL of 0.5 mg/mL MTT (Sigma, Milan, Italy) in culture medium and
incubated for 4 h at 37 ◦C in an incubator. Then, MTT solution was removed, formazan
crystals were dissolved in 100 µL of dimethyl sulfoxide, and the absorbance was measured
at 570 nm with a spectrophotometer microplate reader (ChroMate; RayBiotech, Peachtree
Corners, GA, USA). The results were reported as percentages with respect to the control
value (set as 100%).
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Since 40 µg O3 induced a significant reduction (below 60%) of cell viability, this concen-
tration was excluded from the following experiments. To confirm the cell damages, the fine
morphology of 40 µg O3-treated cells was analyzed at transmission electron microscopy.

4.3. Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential (∆Ψm) of C2C12 cells was assessed by using the
lipophilic cation JC-1 (5,5V,6,6V-tetrachloro-1,1V,3,3V-tetraethylben-zimidazolcarbocyanine
iodide) (Invitrogen, Carlsbad, CA, USA). JC-1 was administered to living cells and ac-
cumulated in the mitochondria, emitting either red or green fluorescence, depending
on the mitochondrial membrane potential. The red signal indicates polarized, highly
functional mitochondria, while the green signal indicates depolarized, less functional
mitochondria [50].

The C2C12 cells (5 × 105 cells per condition) were treated with air, O2, 10 µg O3, 20 µg
O3, and 30 µg O3, and then seeded in flasks. After 24 h and 48 h, cells were harvested by
trypsinization and incubated in culture medium with 2 µM JC-1 for 15 min at 37 ◦C in the
dark. Cells were then washed in PBS and acquired on 14 fluorescence parameters, three
lasers (488 nm blue, 640 nm red, and 405 nm), Becton Dickinson LSRFortessa X-20 flow cy-
tometer (Becton Dickinson Italia S.p.A., Milan, Italy). Changes in mitochondrial membrane
potential were measured by fluorescence emission shift from green (JC-1 monomers) to red
signals (JC-1 aggregates). Samples were thus acquired by using a blue 488-nm laser for JC-1
excitation. After excluding cell doublets/aggregates (FCS-A vs. FSC-W/SSC-A vs. SSC-W
plots) and gating for live cells (FSC-A vs. SSC-A plot), the detector with a 530/30 Band Pass
(BP) filter (Becton Dickinson Italia S.p.A.) was used to detect emission fluorescence of JC-1
monomers (maximum peak at 525 nm), while the detector with the 610/20 BP filter (Becton
Dickinson Italia S.p.A.) was used to detect JC-1 aggregates (maximum peak at 590 nm).

As a negative control, we used carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a
widely utilized protonophore able to disrupt ATP synthesis by transporting protons across
the mitochondrial inner membrane, interfering with the proton gradient. CCCP therefore
causes a “stress” allowing the recognition of a green spot under fluorescence conditions.
Analyses were performed in triplicate.

4.4. Cellular ATP Assessment

To detect the cellular ATP levels, a ViaLightTM plus kit (Lonza, Basel, Switzerland)
was used. At 24 h and 48 h from treatment, C2C12 cells from three independent experiments
were harvested by trypsinization, and 1 × 104 cells in 100 µL of medium were transferred
to a white 96-well plate. Cellular ATP was extracted by adding 50 µL of cell lysis reagent
for at least 10 min, and the bioluminescent signal was generated by adding 100 µL of AMR
plus and incubating the plate for 2 min at room temperature. Bioluminescence signal was
recorded with a VictorX Multilabel plate reader (Perkin Elmer, Waltham, MA, USA).

4.5. Transmission Electron Microscopy

Ultrastructural morphological, morphometric and immunocytochemical analyses were
carried out at transmission electron microscopy to investigate the effects of exposure to low
O3 concentrations on mitochondria features, Nrf2 association with the outer mitochondrial
membrane, and Nrf2 translocation into the nucleus. A total of 20,000 cells were seeded on
slides of 22 × 22 mm (five slides per sample) and submitted to treatments as described
above. After 24 h, the cells were fixed for 1 h at 4 ◦C with 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, washed and post-fixed at 4 ◦C for
30 min with 1% OsO4. Cells were then dehydrated with acetone and embedded in Epon
resin as a monolayer (all reagents were purchased from Electron Microscopy Sciences,
Hatfield, PA, USA). For ultrastructural morphology and morphometry, ultrathin sections
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were collected on copper grids and stained with Reynolds lead citrate (Electron Microscopy
Sciences) for 2 min. For immunocytochemistry, ultrathin sections were collected on nickel
grids and immunolabelled. Briefly, sections were floated on normal goat serum diluted
1:100 in PBS for 3 min, incubated overnight at 4 ◦C with the anti-Nrf2 antibody (ab62352,
Abcam, Cambridge, UK) diluted 1:2 with PBS containing 0.1% bovine serum albumin
(Fluka, Buchs, Switzerland) and 0.05% Tween 20. Sections were then floated on normal
goat serum as above and then incubated for 30 min with a goat anti-rabbit IgG secondary
antibody conjugated with 12-nm gold particles (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA), diluted 1:20 in PBS. After rinsing with PBS and water, the
sections were finally air-dried and weakly stained with Reynolds’ lead citrate for 1 min.
As immunostaining controls, some grids were incubated without the primary antibody
and then processed as described above. Observation of the samples was performed with
a Philips Morgagni transmission electron microscope (FEI Company Italia S.r.l., Milan,
Italy) operating at 80 kV, and image acquisition was made with a Megaview III camera
(FEI Company Italia S.r.l, Milan, Italy). Morphometric analysis of the mitochondrial area
and the ratio between lengths of inner and outer mitochondrial membranes (estimating
the extension of cristae independently of the mitochondrial size) was carried out on 20
randomly chosen mitochondria (36,000×) per experimental condition. Quantitation of
anti-Nrf2 immunolabelling was performed by estimating the gold particle density on
30 randomly chosen mitochondria (36,000×) for each experimental condition. The gold
particles were counted, and the labelling density was expressed as the number of gold
particles/mitochondrial outer membrane length (µm). Nrf2 translocation into the nucleus
was evaluated by counting gold particles on 15 randomly chosen nucleoplasmic regions
(nuclear areas devoid of condensed chromatin and nucleolus) per each experimental
condition at 28,000× magnification. The labeling density was calculated as the number of
gold particles/µm2 of nucleoplasm.

Mitochondria morphometry and Nrf2 density were evaluated at 24 h and 48 h
post-treatment.

4.6. ROS Production

The non-fluorescent 2′,7′-dichlorofluorescin diacetate (DCF) probe, which becomes
highly fluorescent on reaction with ROS, was used to evaluate cellular ROS production.
Briefly, after treatment, C2C12 cells were plated in 96-well plates (1 × 104 cells/well). At
24 h and 48 h from the gas exposure, the cells were incubated in culture medium without
FBS with 10 µM DCF (Sigma) at 37 ◦C for 20 min. The medium with DCF was removed,
and the cells were incubated with culture medium at 37 ◦C for 10 min. The cells were then
washed with Dulbecco’s PBS buffer (Thermo Fisher, Waltham, MA, USA), and fluorescence
was measured by using a multimode plate reader at 485/535 nm (TECAN Infinite® M Nano
PLUS; Tecan Italia S.r.l., Cernusco sul Naviglio, MI, Italy). The values were normalized on
crystal violet-estimated cell mass. The experiment was performed in triplicate.

4.7. Protein Extraction and Immunoblotting

The C2C12 cell samples were collected 24 h and 48 h post-treatment, immediately
frozen in liquid nitrogen and then placed at −80 ◦C. Proteins were extracted in lysis buffer,
i.e., 1 mM Na3VO4, 1 mM NaF, 2 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride (PMSF),
150 mM NaCl, 100× complete protease inhibitor cocktail, and RIPA buffer pH 8.0 (150 mM
NaCl, 50 mM Tris-HCl, 1% Igepal, 0.5% sodium deoxycholate, and 0.1% SDS). Protein
Samples (15 µg) were resolved on Tris–glycine 15% SDS-PAGE (Bio-Rad, Segrate, MI, Italy),
blotted on PVDF membrane (Life Technologies, Thermo Fisher, Waltham, MA, USA), and
incubated overnight with the following primary antibodies: total OXPHOS human WB
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antibody cocktail (ab110411, Abcam) diluted 1:500, catalase (sc-271803, Santa Cruz Biotech-
nology, Dallas, TX, USA) diluted 1:1000, and MnSOD diluted 1:1000 (A1340 ABclonal
Science Inc., Düsseldorf, Germany). Then, blots were incubated for 1 h at room tempera-
ture with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody:
goat anti-mouse IgG (1:8000, 1031-05 SouthernBiotech, Birmingham, AL, USA) or goat
anti-rabbit IgG (1:10,000, 074-1516 KPL) and developed with Westar Antares (Cyanagen,
Bologna, Italy). The Chemidoc MP imaging system (Bio-Rad) was used for the visualization
of the immunocomplexes, and densitometric analysis was conducted using ImageJ 1.57t
software (Java 1.8.0; NIH, Bethesda, MD, USA). Amido black staining was used to confirm
loading in different lanes.

4.8. Statistical Analysis

Data for each variable were pooled according to the experimental condition and
presented as mean ± standard error of the mean (SEM). Statistical significance was assessed
by the non-parametric Kruskal–Wallis test, and, in case of significance, post-hoc group–
group comparison was performed with the Mann–Whitney test with Bonferroni correction.
The significance was set at p ≤ 0.05.

5. Conclusions
Taken together, the results of the present study demonstrate that the mild oxidative

stress induced by low O3 doses promotes mitochondrial modifications in the C2C12 cells,
such as increased area and cristae extension as well as enhancement of the ETC complexes
and the antioxidant catalase and MnSOD enzymes. Nrf2 was found to maintain its associa-
tion with the outer mitochondrial membrane, thus exerting its protective role, and when
dissociation occurred (after 20 µg O3 treatment), no mitochondrial damage was observed.

Interestingly, all mitochondrial modifications were observed 24 h after treatment,
demonstrating that cells promptly respond to eustress, effectively restoring homeostasis
conditions. Accordingly, 48 h after gas exposure, mitochondrial structural modifications
and antioxidant enzyme increase appeared as fully recovered, returning to control values.

The C2C12 in vitro model cannot obviously recapitulate the complexity of in vivo en-
vironment involving vascular, blood and immune cells, and paracrine signaling, although
the culture media contains not only essential metabolites for cell growth but also blood
serum, which ensures the presence of molecules responsible for the O3-driven antioxi-
dant response (e.g., albumin, uric acid, ascorbic acid, and glutathione) [51]. However,
it is just this simplicity that makes in vitro models suitable for analyzing single cellular
organelles and molecular pathways with advanced multimodal techniques, thus providing
information hardly achievable in the living organism.

The present in vitro study, therefore, supports with novel data the notion that medical
O3 can finely modulate cell functions in a dose-dependent manner, and highlights the
importance of knowing the cellular and molecular mechanisms responsible for the effects
of O3 administration to ensure appropriate and effective clinical applications.
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