Lipid peroxidation is involved in calcium dependent upregulation of
mitochondrial metabolism in skeletal muscle
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Summary
Background: Skeletal muscle cells continuously generate reactive oxygen species
(ROS). Excessive ROS can affect lipids resulting in lipid peroxidation (LPO). Here we
investigated the effects of myotube contraction on the LPO induction and the impact of
LPO-product 4-hydroxynonenal (4-HNE) on physiology/pathology of myotubes using
C2C12 myoblasts.
Methods: C2C12 myoblasts were differentiated into myotubes, stimulated with caffeine
and analyzed for the induction of LPO and formation of 4-HNE protein adducts. Further
effects of 4-HNE on mitochondrial bioenergetics, NADH level, mitochondrial density
and expression of mitochondrial metabolism genes were determined.
Results: Short and long-term caffeine stimulation of myotubes promoted superoxide
production, LPO and formation of 4-HNE protein adducts. Furthermore, low 4-HNE
concentrations had no effect on myotube viability and cellular redox homeostasis, while
concentrations from 10µM and above reduced myotube viability and significantly
disrupted homeostasis. A time and dose-dependent 4-HNE effect on superoxide
production and mitochondrial NADH-autofluorescence was observed. Finally, 4-HNE
had strong impact on maximal respiration, spare respiratory capacity, ATP production,
coupling efficiency of mitochondria and mitochondrial density.
Conclusion: Data presented in this work make evident for the first time that pathological
4-HNE levels elicit damaging effects on skeletal muscle cells while acute exposure to
physiological 4-HNE induces transient adaptation.
General significance: This work suggests an important role of 4-HNE on the regulation
of myotube’s mitochondrial metabolism and cellular energy production. It further
signifies the importance of skeletal muscle cells hormesis in response to acute stress in
order to maintain essential biological functions.
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Introduction
Our movement is controlled by skeletal muscles. Intensity of our daily movements,
including exercise, activates multiple processes in our muscle’s cells for maintenance
of energy metabolism and cell signaling. Contraction of the skeletal myocytes is
controlled by calcium. Each peak of calcium rise is corresponding to contraction and
activation of the frequency of calcium oscillations that lead to increased frequency of
muscle contractions. Considering this, the number of studies used different calcium
stimulus to induce calcium oscillations in muscle cells for induction of contraction and
mimicking exercise in cell cultures (Ding et al., 2012).
The many roles of mitochondria in cell physiology and their involvement in signaling
pathways have received much attention recently. However, their major role remains the
canonical role of generating adenosine triphosphate (ATP), the main energy currency
of the organism, by converting energy from the oxidation of macronutrients. Central to
the maintenance of energy homeostasis in normal physiology is the ability to match
energy production to meet changes in energy demand. This is especially true in skeletal
muscle, where energy demands change with levels of activity, and where a failure to
adapt energy supply appropriately will lead to a failure of adequate muscle function.
Indeed, it seems likely that such failures underlie changes in muscle physiology
associated with ageing, immobilization and a variety of disease states (Huang and
Hood, 2009; Kim et al., 2008). In the short term, changes in bioenergetic efficiency
may be largely mediated by the transfer of calcium signals integral to the process of EC
coupling to the mitochondria, where several mechanisms together serve to increase the
efficiency of oxidative phosphorylation (Duchen, 1999).
Skeletal muscle possesses an amazing plasticity in response to physical stress such as
exercise (Steinbacher and Eckl, 2015). Contracting skeletal muscle cells are marked
with a variety of phenotypic and physiological responses, including increased release
of endogenous calcium and production of reactive oxygen species (ROS) and
upregulation of 5′-adenosine monophosphate-activated protein kinase (AMPK). Rapid
changes of cytosolic calcium levels is required for contraction and relaxation of skeletal
muscle and can contribute to cellular protein turnover as well as to removal of affected
organelles (Grumati and Bonaldo, 2012). AMPK is one of key players in the skeletal
muscle metabolism as it serves as an indicator of cellular energy status (Lantier et al.,
2014). ROS are normally produced in resting muscle cells, but their formation is
3

increased with muscle contraction. Among ROS produced by the skeletal muscle is
superoxide anion that is generated endogenously in the inner membrane of
mitochondria during the respiration or by the action of NADPH oxidase associated with
sarcoplasmic reticulum (Pattwell et al., 2004), transverse tubules (Hidalgo et al., 2006),
plasma membrane NADPH oxidase (McArdle et al., 2001) and phospholipase A2dependent process (Gong et al., 2006). Moderate ROS formation has a beneficial effect
and plays one of the key roles in skeletal muscle adaptation to exercise (Gomez-Cabrera
et al., 2008). Contrary, excessive ROS production is toxic and can cause oxidative
damage to macromolecules and promote oxidative stress (Esterbauer et al., 1991).
Peroxidation of lipids (LPO) is considered to be one of the most important mechanisms
of cell injury under condition of oxidative stress and is shown to be involved in the
pathology of numerous diseases. Polyunsaturated fatty acids (PUFAs) are susceptible
to ROS induced damage yielding reactive aldehydes, such as 4-hydroxyalkenals and
other similar α, β-unsaturated aldehydes (Uchida, 2003). LPO-derived aldehydes,
among which is 4-hydroxynonenal (4-HNE), are more stable than ROS and can
therefore diffuse across membranes and reach the targets distant from the initial site of
oxidative injury (Zarkovic, 2003; Jaganjac et al., 2013) altering signaling pathways
either directly or through functional modification of macromolecules (Leonarduzzi et
al., 2004; Biasi et al., 2006; Jaganjac et al., 2010). 4-HNE was shown to play a role in
mitochondrial ROS production (Parker, et al., 2008). Importantly, lipid peroxidation is
essential for phospholipase activity, including phospholipase C, which produced IP3dependent calcium signal and modify cell signaling (Vaarmann et al., 2010; Domijan
et al., 2014; Angelova and Abramov, 2016).
Mitochondrial activity and function in skeletal muscle is a highly controlled process,
under the influence of a variety of nuclear and mitochondrial factors that act as
metabolic sensors and can adapt to perturbations in cellular nutrient and energy status.
Increase of the energy demand in the time of physical exercises in skeletal muscles
leads activation of ATP production.
The effect of exercise induced oxidative stress on the LPO of muscle cells and its later
impact on mitochondrial performance remains to be elucidated. Additionally, the effect
of 4-HNE on mitochondrial metabolism has not been tested, although 4-HNE has been
shown to modify mitochondrial proteins (Andringa et al., 2014; Zhao et al., 2014).
Thus, in the present study we were aiming to test if prolonged calcium signaling and
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contractions in muscle cells activates lipid peroxidation and how product of lipid
peroxidation regulates physiological and pathological processes in mitochondria.
Materials and Methods
Cell culture and myoblast differentiation
Mouse myoblast C2C12 cell line was obtained from ATCC (ATCC Number CRL1772, USA). The cells were grown as monolayer in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Sigma, Germany)
and 1% Penicillin/Streptomycin (Sigma, Germany) at 37°C in a humidified atmosphere
containing 5% CO2.
Cells were seeded on a 22mm round coverslips for imaging experiments, in Seahorse
cell culture 24-well plate at a density 8 x 103 for the measurement of mitochondrial
metabolism or in 96-well plates at a density 6 x 103 cells per well for all other assays.
When cells reached 70% to 80% confluence, media was replaced with DMEM
supplemented with 2% horse serum (HS, Sigma, Germany) to induce myoblasts
differentiation into myotubes. The differentiation of myoblasts was evaluated daily
using Olympus IX53 inverted light microscope. All experiments were performed on
myotubes that were 5-8 of differentiation days.
4-HNE preparation
The aldehyde was obtained in the form of 4-Hydroxynonenal-dimethylacetal (Enzo
Life Science) and prepared similarly as described before (Zivkovic et al., 2005). Prior
to the experiment it was activated with 1 mM cold HCl for 1 hour at 4°C. For the
experiment HNE was diluted in DMEM medium.
Viability assay
Myotubes were treated with ranging concentrations of caffeine (1 mM, 5 mM and 10
mM) for 2 hours or left untreated as control.
Myotubes were treated in low serum media (2% HS) with ranging concentrations of 4HNE (5 μM, 10 μM, 25 μM, 50 μM, 75 μM and 100 μM) overnight or left untreated to
serve as a control. The AlamarBlue assay was used to assess the impact of caffeine and
4-HNE on the viability of the cells (Ex 570 nm / Em 600 nm).
Measurement of cytosolic calcium [Ca2+]c
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Cytosolic calcium concentration [Ca2+]c was monitored in single cells using Fura-2 as
previously described (Domijan and Abramov, 2011). Briefly, myotubes were loaded
with 5 μM Fura-2 AM (Molecular Probes) for 30 minutes at room temperature in the
presence of 2% Pluronic acid in HBSS buffer. Cells were illuminated with Xenon arc
lamp (excitation 340 and 380 nm) and emission above 500 nm was recorded using
cooled CCD camera. [Ca2+]c transients are shown as ratio of excitations (340/380 nm).
Kinetic measurement of changes in cellular redox homeostasis
The impact of caffeine and 4-HNE on ROS generation was measured using
dihydroethidium probe (DHE, Molecular Probes). The fluorescence was continuously
measured every 15 seconds for 40 minutes, and then as a single point after 24h using
Tecan M200 Pro reader (Ex 530 nm / Em 580 nm).
Additionally, the impact of 4-HNE and caffeine on intracellular ROS production was
measured using 2',7'-dichlorfluorescein-diacetate (DCFH-DA, Fluka) assay as
previously described (Poljak-Blazi et al., 2011; Elrayess et al., 2017). Cells were loaded
with 10 μM DCFH-DA for 30 minutes at 37°C. The excess probe has been removed,
treatment added, and fluorescence intensity continuously measured throughout 8 hours
at 37°C and 5% CO2 using TECAN Infinite M200 PRO plate reader equipped with gas
control mode, excitation wavelength at 500 nm and emission at 529 nm. The arbitrary
units, relative fluorescence units (RFU), were based directly on fluorescence intensity.
Measurement of lipid peroxidation with C11-BODIPY (581/591) assay
The ability of caffeine to induce lipid peroxidation was investigated using lipid
peroxidation sensor C11-BODIPY (581/591) (1 μM; Molecular Probes, USA). C11BODIPY581/591 is a lipophilic ratiometric fluorescent dye for indexing lipid
peroxidation in cellular membranes.
Myotubes were treated with caffeine (0, 1, 5 and 10 mM) for 2 hours for two
consecutive days. After 24 and 48 h of treatment myotubes were loaded with 1 μM
C11-BODIPY (581/591) for 30 min at 37°C. The rates of lipid peroxidation were
measured using TECAN M200 Pro Multimode reader with excitation/emission of
495/521 nm for the green signal (oxidized) and 575/600 nm for the red signal (nonoxidized). Images were recorded with the ArrayScan XTI (Thermo) using 485-20 nm
filter and 25 fields per well were imaged. Lipid peroxidation is presented as ratio of
oxidized: non-oxidized C11-BODIPY (581/591).
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NADH autofluorescence assay
NADH and its oxidized form NAD+ act as hydrogen carriers at the site of the electron
transport chain during mitochondrial respiration. The fluorescent properties of NADH
make it a valuable fluorescent indicator of the mitochondrial metabolic state. The
impact of 4-HNE on mitochondrial level was performed according to the protocol
described before (Bartolome et al., 2017). NADH autofluorescence was excited at 351
nm (using Xennon arc lamp and monochromator) and measured at 375-470 nm was
recorded using cooled CCD camera.
Measurement of oxygen consumption with XFe24 flux analyzer
The immediate effect of 4-HNE and the effect of 24 hours upon treatment on the oxygen
consumption in C2C12 myotubes was determined using XFe Cell Mito Stress Test kit
(Seahorse Bioscience Inc., USA). To assess the immediate effect the myotubes were
serum starved for 1 hour in Seahorse XF Base Medium supplemented with 2 mM
glutamine, 1 mM pyruvate and 10 mM glucose at 37ºC in a humidified atmosphere
without CO2. Modified protocol utilizing 4 ports has been used with 4-HNE (0, 2.5, 5
and 10 µM final) being set as a first injection (port A) while oligomycin (1 µM final),
mitochondrial uncoupler carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone
(FCCP, 0.5 µM final) and rotenone/antimycin A (0.5 µM final) were loaded onto ports
B, C and D, respectively. Three basal oxygen consumption rate (OCR) measurements
were performed using the Seahorse XFe24 Extracellular Flux Analyzer (Seahorse
Bioscience Inc., USA), myotubes stimulates with 4-HNE for 60 min followed by the
injection of oligomycin, FCCP, and rotenone/antimycin A. Extracellular acidification
rates (ECAR, mpH/min) and OCR (pmol/min) are measured three times in 5-replicate
wells except for 4-HNE treatment when measured 8 times.
For long term effect of 4-HNE exposure, 24 hours upon treatment cells were serum
starved as described above and ECAR and OCR assessed XFe cell mito stress test kit
according to manufacturer’s instructions.
The Seahorse XFe Cell Mito Stress Test Report Generator was used to automatically
calculate assay parameters as absolute OCR in pmol O2/min. Maximal Respiration is
calculated as a difference between maximum OCR measurement after FCCP injection
and minimum OCR measurement after rotenone/antimycin A injection. ATP
production is calculated as a difference between last OCR measurement before
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Oligomycin injection and minimum OCR measurement after Oligomycin injection.
Finally, Spare Respiratory Capacity is calculated as a difference between Maximal and
basal respiration.
Measurement of caffeine-induced formation of 4-HNE protein adducts formation
Myoblasts were seeded in 24-well plates with density of 2×105 , differentiated into
myotubes and treated with caffeine (0, 1 mM, 5 mM and 10 mM) for 2 hours for three
consecutive days. Then, proteins were isolated from myotubes and their concentration
were measured using BCA Protein Assay Kit (Pierce). The effect of caffeine on the
production of 4-HNE protein adducts was measured using HNE Adduct Competitive
ELISA kit (Cell Biolabs).
RNA extraction and real-time PCR
Myotubes were treated overnight with 4-HNE (2.5 µM, 5 µM and 10 µM) or left
untreated as a control. Total RNA was isolated using RNeasy Mini Kit (Qiagen).
Followed by measuring RNA quantity using NanoDrop 2000 spectrophotometer
(Thermo Scientific). For the reverse transcription of cDNA, RT² First Strand Kit
(Qiagen) was used. Then, real-time PCR was performed using Mouse Mitochondrial
Energy Metabolism (PAMM-008Z) RT2 Profiler PCR Arrays (Qiagen). The PCR
arrays provide analysis of 84 genes involved in the expression of mitochondrial
respiration and biogenesis.
Measurement of mitochondrial density
Myotubes were treated with 4-HNE overnight. Stained with 200 nM MitoTracker
Green FM (Molecular Probes) for 45 min and 2 µg/mL Hoechst (33342, Molecular
Probes) for 10 min at 37°C. Fluorescence intensity of MitoTracker was measured using
TECAN Infinite M200 PRO plate reader (Ex 490 nm/ Em 516 nm). Myotubes were
imaged using ArrayScan XTI (Thermo) with 386-23 nm filter for Hoechst and 485-20
nm filter for MitoTracker.
Statistics
All experiments were repeated at least 3 times. Descriptive statistics were shown as the
mean ± standard deviation (SD). The significance of differences between groups was
assessed using the Student t-test and Chi-square test. When more than two groups were
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compared, we used one sided ANOVA with appropriate post hoc testing. The SPSS
16211.01 for Microsoft Windows were used. Differences with P less than .05 were
considered statistically significant
Data analysis of PCR array data was preceded by the pre-processing step, i.e.
normalization. More specifically the following steps were applied:
1. From the threshold cycle (CT) values of each gene of interest (GOI), the house
keeping gene (HKG) CT value was subtracted: 𝛥𝐶𝑇 = 𝐶𝑇 (𝐺𝑂𝐼)– 𝐶𝑇 (𝐻𝐾𝐺)
2. Average 𝛥𝐶𝑇 was calculated for each group: ̅̅̅̅̅
𝛥𝐶𝑇 =

∑𝑁
𝑖=1 𝛥𝐶𝑇
𝑁

. Here, N is the

number of replicates within one group. At this stage, further statistics can be
applied with the average 𝛥𝐶𝑇 of each group.
3. For the expression values, the 𝛥𝛥𝐶𝑇 is calculated between each treatment group
̅̅̅̅̅
and control group: 𝛥𝛥𝐶𝑇 = ̅̅̅̅̅
𝛥𝐶𝑇 (𝐺𝑟𝑜𝑢𝑝 𝑖) − 𝛥𝐶
𝑇 (𝐶𝑜𝑛𝑡𝑟𝑜𝑙)
4. Fold change is further calculated using the values from step 3: 𝐹𝐶 = 2−𝛥𝛥𝐶𝑇

Results
Caffeine induces dose-dependent calcium oscillations in myotubes
In order to establish the optimal caffeine concentration to promote prolonged repetitive
[Ca2+]c signals equivalent to prolonged activity, we first examined the [Ca2+]c signals
generated by a range of caffeine concentrations using live cell imaging. As expected,
application of caffeine induced dose-dependent [Ca2+]c changes in myocytes (Figure 1).
These were characterised by oscillatory changes in [Ca2+]c that increased in frequency
with increasing caffeine concentrations eventually merging to a high [Ca2+]c plateau at
higher caffeine concentrations (>10mM). Exposure of myocytes to 1mM caffeine
induced [Ca2+]c peak (Figure 1A, n=85 cells). Each [Ca2+]c transient coincided with a
myotube contraction (Figure 1 ?). Stimulation of the cells with 5 mM caffeine induced
an initial [Ca2+]c spike followed by sustained [Ca2+]c repetitive oscillations that
continued as long as we continued to observe them (Figure 1B; n=85 cells), while 10
mM caffeine produced an even larger increase in [Ca2+]c which reached a plateau after
about 1 min (Figure 1C; n=95). Caffeine induce calcium signal via activation of
ryanodine receptor and release of Ca2+ from sarcoplasmic reticulum and in our
experiments, it was confirmed by inhibition of the caffeine-induced calcium signal by
specific for ryanodine receptor inhibitor dantrolene (Figure 1D, n=45).
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Given these responses, we chose to use 1mM as a mechanism to induce a reasonably
‘physiological’ level of myotube activity resembling the activity of exercise, 5mM to
stimulate a near maximal [Ca2+]c signal while 10 mM appears to cause potentially
damaging [Ca2+]c overload.
Caffeine-induced calcium signal in myotubes activates superoxide production
It should be noted that the selected caffeine concentrations were not toxic for C2C12
myotubes (Figure 2A, p>0.05). The ability of caffeine to induce superoxide production
and peroxidation of lipids in myotubes is presented in Figure 2. Kinetic measurement
of intracellular ROS production with DHE in myotubes showed time and dose
dependent effect of caffeine on this process. The lowest caffeine concentration (1 mM)
induced 15 % higher rate of ROS production 30 minutes after addition of treatment
(P>0.05, Figure 2B and C). The 5- and 10-mM caffeine produced more prominent
stimulation of the rate of ROS generation in myotubes by 45 % and 80 % compared to
control untreated myotubes (P<0.05 for both, Figure 2B and C). Importantly,
preincubation of the myotubes with 20 µM dantrolene completely block caffeine
(10mM)-induced ROS production (n=56; Figure 1 B, C) that confirm Ca2+-dependence
of ROS production.
Caffeine activated ROS production induces lipid peroxidation in myotubes.
Application of 1 mM caffeine had a small or no effect (P>0.05) on lipid peroxidation
24 and 48 hours after myotubes exposure to caffeine treatment (Figure 2D and E) while
the peroxidation of lipids was strongly increased in myotubes 24 and 48 hours upon
treatment with 5 and 10 mM caffeine (P<0.05, for both, Figure 2D and E). Further
experiment confirmed that caffeine treatment induced dose dependent increase in 4HNE protein adducts in C2C12 myotubes (Figure 2F),
The impact of lipid peroxidation on myotubes was further assessed using 4-HNE, a
very well-studied bioactive product of lipid peroxidation (Figure 3). Both
physiologically relevant (2.5 µM and 5 µM) and higher 4-HNE concentrations (≥10
µM) were used.
Product of lipid peroxidation activates non pathological production of ROS
Although caffeine-induced lipid peroxidation is due to increased ROS production,
product of lipid peroxidation also could be a trigger for further changes in viability and
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redox balance in myotubes. Thus, the physiological level of 4-HNE (5 µM) showed no
effect on myotubes viability (P>0.05) while higher supraphysiological 10 µM 4-HNE
concentration decreased viability by 20%. Pathological concentrations tested, >10 µM
to 100 µM decreased viability from 20% down to 75%, respectively (P<0.05, Figure
3A and B). Furthermore, 4-HNE was shown to alter cellular redox homeostasis in time
and dose dependent manner (Figure 3C and D). Pathological concentrations of 4-HNE
(50 µM, 75 µM and 100 µM) promoted production of intracellular ROS, mainly H 2O2
as measured by DCFH-DA assay (P<0.05, Figure 3C). Contrary, treatment of myotubes
with lower 4-HNE concentrations did not show a significant increase in intracellular
H2O2 production (P>0.05, Figure 3C). Interestingly, although 10 µM 4-HNE treatment
of myotubes did not show significant impact on H2O2 production it strongly promoted
intracellular superoxide production (P<0.05, Figure 3D).
Regulation of mitochondrial metabolism by a byproduct of lipid peroxidation
Based on the results of caffeine induced formation of 4-HNE protein adducts in
myotubes and dose response effects of 4-HNE on myotube viability the concentrations
2.5 µM, 5 µM and 10 µM were selected to approximate those of low to moderate levels
of physiological oxidative stress for 4-HNE functional studies on mitochondria
metabolism.
NADH is a donor of electron for complex I of mitochondrial electron transport chain.
Effect of 4-HNE on autofluorescence of NADH was dependent on concentration
(Figure 4A). Thus, 2.5 µM 4-HNE induces increase of mitochondrial NADH level that
can suggest inhibition of the complex I –related respiration or activation of NADH
production (Figure 4A upper right). Application of 5 µM 4-HNE induce mild and 10
µM more strong decrease in NADH level (Figure 4A lower left and right, respectively).
Application of 1 µM FCCP at the end of the experiment (which maximally activates
respiration with consumption of all mitochondrial NADH) and inhibitor 1 mM NaCN
(which block consumption of NADH in mitochondria) confirm increased mitochondrial
pool of NADH by 2.5 µM and decrease by 5 and 10 µM of 4-HNE (Figure 4A).
The maximal respiration and spare respiratory capacity were inhibited in myotubes
treated with 2.5 µM and 5 µM 4-HNE (P<0.05 for all, Figure 4B and C). Interestingly,
no effect on the same was seen when myotubes were exposed to 10 µM 4-HNE (P>0.05
for all, Figure 4 B). However, all concentrations inhibited ATP production. Twenty11

four hours upon exposure of myotubes to 5 µM 4-HNE the maximal respiration, spare
respiratory capacity and ATP production were recovered to control level (Figure 5A
and B). Although, 10 µM 4-HNE had no immediate effect, 24 h upon exposure strong
inhibition of maximal respiration, spare respiratory capacity and ATP production was
observed (Figure 5A and B). Furthermore, 8 hours post treatment, myotubes treated
with 10uM 4-HNE showed 40% increase in the superoxide production compared to
control (Figure 5C).
The effect of acute 4-HNE exposure revealed 11 mitochondrial metabolism genes up
regulated 24 hours upon 4-HNE treatment in a dose dependent manner (Figure 5D and
G). The strongest effect was observed for the mitochondrial Complex I (NADH
dehydrogenase) by upregulating even 5 genes (Ndufb9, Ndufc1, Ndufs7, Ndufv1 and
Ndufv3). 4-HNE also upregulated Sdhc and Sdhd genes of Complex II (Succinate
dehydrogenase), Uqcrc1, Uqcrc2 and Uqcrh genes of Complex III (Cytochrome c
reductase) and only one gene, Atp6v0d2 belonging to Complex V (ATP synthase).
Moreover, an acute 4-HNE exposure triggered and increase in mitochondrial density
24 hours later in a dose dependant manner (Figure 5E and F).
Discussion
In response to exercise and increased ROS production polyunsaturated fatty acids that
are esterified in the myotubes’ membranes are susceptible to ROS induced damage
yielding 4-HNE formation (Jaganjac et al., 2016). Bioactive LPO end product, 4-HNE,
in one of the main molecules in stress mediated signaling (Yang et al., 2003) and due
to its relative abundance in cells and tissues can exert either physiological or
pathological effects (Chapple et al., 2013; Schaur et al., 2015). Under physiological
conditions (up to 5 µM) 4-HNE activates signaling cascades, transcription factors and
aldolase reductase metabolism while higher 4-HNE concentrations can induce cellular
dysfunction, apoptosis and autophagy (Chapple et al., 2013). This study reports for the
first time the possible pathophysiological effects of exercise induced 4-HNE on the
mitochondria of skeletal muscle cells demonstrating modulatory role of 4-HNE
essential for the normal myotube function. To investigate pathophysiological responses
of skeletal muscle to low, moderate and intense exercise, based on the caffeine induced
oscillatory changes in [Ca2+]c, caffeine concentrations of 1mM, 5mM, and 10 mM
respectively, were selected.
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Media supplementation with caffeine promoted myotube contraction and altered
cellular redox homeostasis by inducing superoxide production in myotubes. Indeed,
myotube contraction is known to promote ROS formation that can have beneficial
adaptation effect to exercise or in the case of ROS overproduction detrimental effects
in skeletal muscle cells (Cheng et al., 2016). Caffeine induced ROS formation,
consequently promoted peroxidation of lipids and formation of 4-HNE conjugates in a
dose dependent manner. 4-HNE protein modification can alter protein structure and
function affecting protein processing, trafficking and normal cellular function
(Zarkovic et al., 2013; Jaganjac et al., 2012) but can also trigger further changes in the
myotube viability and cellular redox balance. Indeed, our data show that 4-HNE alters
cellular redox homeostasis in time and dose dependent manner. Physiological 4-HNE
concentrations did not affect cellular viability and did not induce neither intracellular
H2O2 nor superoxide production within the first few hours of exposure to 4-HNE.
Contrary, higher 4-HNE concentrations exerted pathological effects on myotubes,
strongly affecting the viability of myotubes and immediately altering cellular redox
homeostasis. However, 8 hours after acute exposure to 10 µM 4-HNE, cellular
superoxide production was significantly induced but the same was not observed in the
case of H2O2 production rendering myotubes less susceptible to 4-HNE induced H2O2
formation compared to other cells, such are adipocytes (Elrayess et al., 2017).
Although physiological 4-HNE concentrations did not seem to affect the myotube
viability and cellular redox homeostasis the immediate effect of all concentrations
tested impaired ATP synthesis. Furthermore, the immediate effect of physiological 4HNE also reduced maximal respiration, spare respiratory capacity and coupling effect
suggesting that immediate 4-HNE stress mediates mitochondrial dysfunction in
myotubes. An increased ATP demand can cause mitochondrial overburden impairing
mitochondrial functions like oxygen consumption and ATP synthesis promoting further
ROS production that can trigger an adaptive cellular response or eventually induce
autophagy (Filomeni et al., 2015). Though, excessive ROS generation by mitochondria
will trigger mitophagy as a cell defense mechanism (Filomeni et al., 2015). Earlier
study corroborates the specificity of ROS generation by NADH dehydrogenase
mitochondrial complex (Galam et al., 2015) thus the observed complex I inhibitory
effect by 4-HNE suggests possible myotube hormesis in response to stress. Indeed, here
we show that the myotubes demonstrated transient adaptation to the acute stress with
physiological 4-HNE concentrations but not in the case with higher concentration. The
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4-HNE induced hormesis was further supported by upregulation of 11 mitochondrial
metabolism genes 24 hours after exposure. Impressive effect of 4-HNE on the big
number of mitochondrial genes advocated mitochondrial biogenesis. Indeed, a dose
dependent increase in mitochondrial density was noticed 24 hours after acute exposure
to 4-HNE. It is possible that 4-HNE could be one of the mechanisms that evokes
mitochondrial biogenesis process as a physiological adaptation to endurance exercise
(Hyatt et al., 2015).
In summary, our results make evident for the first time that pathological 4-HNE levels
elicit damaging effects on skeletal muscle cells while acute exposure to physiological
4-HNE induces transient adaptation. Our ongoing research findings further signify the
importance of skeletal muscle cells hormesis in response to acute stress in order to
maintain essential biological functions.
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Figure Legends
Figure 1. Low dose caffeine stimulates sustained [Ca2+]c oscillations in rat skeletal
myotubes. Short (A) or prolonged exposure of rat myocytes to 1 mM caffeine induced
sustained [Ca2+]c oscillations that continued for hours. At 5 mM, caffeine (B) stimulated
an initial [Ca2+]c spike followed by faster oscillations, while at 10 mM (C) it caused a
large [Ca2+]c spike followed by a sustained elevation. This signal was prevented by
ryanodine receptor inhibitor, 20µM dantrolene (D).
Figure 2. Caffeine activated ROS production induce lipid peroxidation in
myotubes. The effect with caffeine on myotubes cellular redox homeostasis and
peroxidation of lipids. A. Effect of 2-hour incubation of C2C12 myotubes with various
concentrations of caffeine on cell viability, B. Impact of caffeine and on superoxide
production measured by DHE fluorescence (Ex 530 nm / Em 580 nm) over 40 min, 20
µM dentrolene was preicubated for 20 min before adding of 10 mM caffeine C. The
rate of DHE fluorescence under application of caffeine expressed as mean values (±SD)
between 10 to 30 min in % of control. D. & E. Peroxidation of lipids analyzed by
BODIPY581/591 C11 [495/521nm (oxidized) and 575/600nm (non-oxidized)]. F.
Caffeine induced 4-HNE adduct formation. Mean values (±SD) are given: (*)
significance P<0.05 in comparison to control untreated myotubes; (**) P<0.001.
Figure 3. Product of lipid peroxidation activates non pathological production of
ROS. The effect of 24-hour exposure to 4-HNE on C2C12 myotubes viability and
cellular redox homeostasis. A. The effect of 24-hour exposure to 4-HNE on myotubes
viability. B. 4-HNE induced dose dependent effect on myotubes morphology and
viability. C. The effect of different 4-HNE concentrations on intracellular ROS
production measured by DCFH-DA assay (Ex 500 nm / Em 529 nm) and D. superoxide
production measured by DHE fluorescence (Ex 530 nm / Em 580 nm). Mean values
(±SD) for 5-replicates of representative experiment is given: (*) significance P<0.05 in
comparison to control untreated myotubes.
Figure 4. The immediate effect of 4-HNE on mitochondrial function. A. Effect of
4-HNE on mitochondrial NADH autofluorescence of myotubes, scaled between a fully
oxidised level induced by 1µM FCCP and the fully reduced state at 100% in response
to 1mM NaCN. B. The bioenergetics profile of myotubes in response to 4-HNE (O –
Oligomycin A, FCCP, R/A – Rotenone/Antimycin A injection). C. Quantitative data of
maximal respiration, spare respiratory capacity and ATP production. Mean values
15

(±SEM) for 5-replicates of representative experiment is given: (*) significance P<0.05
in comparison to control untreated myotubes.
Figure 5. Hormetic effects of acute 4-HNE exposure on mitochondria. A. The
bioenergetics profile of myotubes in response to 4-HNE (O – Oligomycin A, FCCP,
R/A – Rotenone/Antimycin A injection). B. Quantitative data of basal respiration,
maximal respiration, spare respiratory capacity and ATP production. Mean values
(±SEM) for 5-replicates of representative experiment is given: (*) significance P<0.05
in comparison to control untreated myotubes. C. Effect of acute exposure to 10 µM 4HNE on superoxide production. Mean values (±SEM) for 5-replicates of representative
experiment is given: (*) significance P<0.05 in comparison to control untreated
myotubes. D. Volcano plot displaying differentially expressed genes between control
and 4-HNE treated myotubes. The y-axis is the mean expression value of negative log
10 (p-value), and the x-axis is the log2 fold change value. The colored dots represent
the up regulated expressed transcripts (p < 0.05) of myotubes treated with 2.5 µM
(triangle), 5 µM (square) or 10 µM (circle). Colors represent different complexes:
Complex I (red), Complex II (green), Complex III (blue) and Complex V (yellow). E.
& F. The effect of overnight treatment of 4-HNE on mitochondrial density measured
using MitoTracker (Images were taken at 20X). G. Heat map of mitochondrial
metabolism genes.
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