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mitochondrial respiratory complexes and oxidative cellular energy metabolic enzymes in the mitochon-
dria of brain, muscle, and C6 glioma cells after different time intervals. C6 cells were irradiated with an
AlGalnP laser at 10, 30, and 60]J/cm? for 20, 60, and 120s, respectively. After irradiation, the cells were
maintained in serum-free Dulbecco’s Modified Eagle’s medium for 24 h, and biochemical measurements
were made subsequently. Mitochondrial suspensions from adult rat skeletal muscles/brains were irradi-
ated with an AlGalnP laser at the abovementioned doses. In one group, the reaction was stopped 5 min
after irradiation and in the other 60 min after irradiation.

Both the C6 cells that received the doses of 10 and 30]J/cm? showed increased complex I activity;
the cells that were irradiated at 30]/cm? showed increased hexokinase activity. Five minutes after the
introduction of PBM of the muscle mitochondria (at 30 and 60 ]/cm?), the activity of complex I increased,
while the activity of complex IV increased only at 60]/cm2. One hour after the laser session, complex
Il activity increased in the cells treated with 10 and 60]/cm?; however, complex IV activity showed an
increase in all PBM groups. In brain mitochondria, 5 min after irradiation only the activity of complex IV
increased in all PBM groups. One hour after the laser session, complex II activity increased at 60]/cm?,
and complex IV activity increased for all PBM groups when compared to controls. PBM could increase the
activity of respiratory chain complexes in an apparently dose- and time-dependent manner.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Although photobiomodulation (PBM) is one of the most promis-

which such a procedure works, as well as the light target(s) re-
sponsible for triggering the observed effects, remain uncertain [1].
Evidence has shown that laser light can stimulate several

ing procedures for treating several diseases, the mechanism by  piological processes, such as cell growth and proliferation [2].

Abbreviations: ANOVA,
phate; CCO, cytochrome

creatine kinase; DCIP, 2,6-

In particular, infrared laser irradiation can affect the bioener-
getics in mammalian mitochondria, as well as their biogene-
ATP, adenosine triphos-  js [3]. Some enzymes, such as NADH dehydrogenase and cy-
tochrome c oxidase (CCO), and substrates (adenine nucleotides)

dichlorophenolindophenol; DMEM, Dulbecco’s modified Eagle’s medium; EGTA,
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diphenyltetrazolium bromide; PBM, photobiomodulation.
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show a significant change in their biochemical properties following
Irradiation [4].

Studies have observed that PBM could target the mitochondria
for biostimulation [5]. Isolated irradiation of mitochondria induces
changes in mitochondrial transcription and translation, increasing
cascade reactions and several respiratory chain components (e.g.,
cytochromes, cytochrome oxidase, and flavin dehydrogenase) [6].
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PBM seems to have physiological effects, including increasing
microcirculation [7], enhancing ATP synthesis, and stimulating the
mitochondrial respiratory chain [8] and mitochondrial function [9],
that may influence soft tissue metabolism in several pathologies.
In addition, PBM seems to reduce the release of reactive oxygen
species and increase the activity of creatine kinase (CK) and hex-
okinase, as well as antioxidant production [10].

Appropriate PBM dosing for inducing biostimulation is a dif-
ficult task, because it depends on several factors such as the
wavelength, power output, continuous or pulsed emission, power
density, irradiation time, dose in J/cm?2, total energy delivered,
application technique, and intervals between sessions. A suc-
cessful dose delivery into a biological system could alter cellular
metabolism; however, ambiguity still exists in this regard [11].

Nowadays the PBM is being used a lot in muscular tissue to
improve the regenerative capacity and performance gain. Further-
more, the cerebral tissue is gaining a lot of attention in use of
this therapy for treatment of injuries such ischemia and neurode-
generative diseases. Due to this, this study aimed at investigating
the effects of different PBM doses and time intervals on mitochon-
drial respiratory complexes and oxidative cellular energy metabolic
enzymes (CK and hexokinase) of C6 astroglioma cells and mus-
cle/brain mitochondria.

2. Material and methods
2.1. Cell culture

The C6 astroglioma cell line was obtained from the American
Type Culture Collection (Rockville, Maryland, USA) and was cul-
tured as previously described [12].

2.2. Preparation of tissue mitochondria for measuring the activity of
respiratory chain complexes

Mitochondrial suspensions from adult rat skeletal muscle/brain
were prepared [13]. Briefly, tissues were homogenized in 10% (v/v)
of 4.4 mM potassium phosphate buffer, at pH 7.4, containing 0.3 M
sucrose, 5mM MOPS, 1 mM EGTA, and 0.1% bovine serum albumin.
Homogenates were centrifuged at 3000g for 10 min at 4°C. The
pellets were discarded, and the supernatants were centrifuged at
17,000 x g for 10 min at 4°C. The pellet was dissolved in the same
buffer. For the tissue preparations, an Eppendorf 5415 R centrifuge
(Eppendorf, Hamburg, Germany) was used.

2.3. Laser irradiation of C6 glioma cells

A low-energy AlGaInP laser (Ibramed Equipamentos Médicos
Ltda, Amparo, Brasil), with a 660 nm continuous wave and 0.6 mm
beam diameter was used. Laser irradiation was at fluences of
10J/cm? for 20s (total energy of 0.6]), 30]/cm? for 60s (total
energy of 1,8]), and 60]J/cm? for 120s (total energy of 3.6]), i.e.,
doses considered as low, medium, and high-intensity, respectively
[14,15]. All the parameters are described in the manual of the
apparatus wich was calibrated following the manufacturer’s in-
structions. The AlGalnP laser was applied to the C6 cells (10 x 103
cells/well in 96-well plates) at a perpendicular angle, a distance
of 2mm. The cells was irradiated inside a laminar flow in a dark
room without radiation. Control cells were not irradiated. In order
to minimize light scatter, an empty column of wells separated
the irradiated cell-containing wells. After irradiation, cells were
maintained in serum-free DMEM for 24 h. Afterwards, biochemical
measurements were made.

2.4. Application of laser to mitochondrial suspensions from adult rat
skeletal muscles/brains

One-hundred and ninety-five microliters of mitochondrial sus-
pensions (protein concentration of 20 mg/mL) and 5 pL of substrate

(10mM pyruvate and 5mM malate) were added to 96-well plates
and incubated for 5min at 37°C. The plates were placed in lami-
nar flows and irradiated using the AlGalnP laser at doses of 10, 30,
and 60]/cm? for 20, 60, and 120s, respectively. Each sample re-
ceived a single irradiation treatment with the laser perpendicular
to the well at a 2-mm distance. The reaction was stopped 5 min
after irradiation in one group and 60 min after in the other group.
Control mitochondria were not irradiated. For minimizing contact
with light, the well columns of the irradiated groups were far apart
from the controls.

2.5. Mitochondrial function measurement

Mitochondrial function of C6 astroglioma cell was as-
sessed by following the MTT (3-[4,5 dimethylthiazol-2-y1]-2,5-
diphenyltetrazolic bromide) reduction. Active mitochondrial dehy-
drogenases cleavage and reduce the soluble yellow MTT dye into
the insoluble purple formazan [16]. At the end of the incubation
period, MTT test were performed. The formazan formation was
spectrophotometrically assayed at 570nm and 630nm, and the
net AAsy0_g30) Was taken as an index of mitochondrial function.
Results are indicated as percentage of controls, to which 100%
activity was attributed.

CK activity was measured in a 60mM Tris-HCl buffer, pH
7.5, containing 7mM phosphocreatine, 9mM MgSO,4, and approx-
imately 1pg protein in a final volume of 0.13mL. After 20 min
pre incubation at 37 °C, the reaction was started by the addition
of 0.42pmol ADP (2.8 mM final concentration). The reaction was
stopped after the incubation for 15 min by the addition of 1pumol
p-hydroxymercuribenzoic acid (6.25mM final concentration). The
reagent concentrations and the incubation time were chosen to as-
sure linearity of the enzymatic reaction. Appropriate controls were
carried out to measure the spontaneous hydrolysis of phosphocre-
atine. The creatine formed was estimated according by colorimet-
ric measurement [17] The color was developed by the addition of
0.1 mL 2% a-naphtol and 0.1 mL 0.05% diacetyl in a final volume of
1mL and read after 20 min at 540 nm. Results were expressed as
nmol creatine formed/min/mg protein.

The activity of mt-HK was determined by a coupled assay ac-
cording to Camacho-Pereira et al. [18]. Briefly, mt-HK activity was
determined by NADH formation following the Asyo at 28°C. The
assay medium contained: 20 mM Tris-HCl pH 7.4, 5mM glucose,
6mM MgCl,, TmM B-NAD™, 1 unit/mL G6PDH, 2mM phospho-
enolpyruvate, 0.1% (v/v) Triton X-100, and 10 units/mL pyruvate ki-
nase. The reaction was started by adding 1 mM ATP. Results were
expressed as nmol/min/mg protein.

2.6. Mitochondrial respiratory chain enzyme activity

The mitochondrial suspensions and C6 cells were centrifuged
at 800¢g for 10 min and the supernatants were used for determin-
ing the activity of mitochondrial respiratory chain enzymes (com-
plexes I, II, and IV). On the day of the assays, samples were frozen
and thawed thrice in hypotonic assay buffer to fully expose the en-
zymes to the substrates and achieve maximal activity.

NADH (nicotinamide adenine dinucleotide) dehydrogenase
(complex I) was evaluated as described previously [19], i.e., by the
rate of NADH-dependent ferricyanide reduction at 420 nm. The ac-
tivity of complex I was measured before the addition of rotenone
(20g/mL) and the absorbance was monitored for a further 5 min.
The activity of complex I was determined as the sensitivity to
rotenone and was expressed as nmol/min/mg protein. Activity of
succinate (DCIP oxidoreductase - complex II) was determined ac-
cording to Fischer et al. [20], by following the decrease in ab-
sorbance due to the reduction of 2,6-DCIP) at 600 nm with 700 nm
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Fig. 1. In vitro effect of low-power laser (LPL) irradiation on energy metabolism in C6 astroglioma cells. The reduction of MTT (A) and the activity of hexokinase (B), creatine
kinase (C), complex I (D), and complex IV (E) were assessed 24 h after exposing C6 cells to increasing fluences (10, 30, and 60]/cm?) of the AlGalnP laser. Bars represent
mean values + standard deviations from four to six independent experiments. *p < 0.05 compared to non-irradiated cells (one-way ANOVA followed by post-hoc Tukey's
test). **p < 0.01 compared to non-irradiated cells (one-way ANOVA followed by post-hoc Tukey's test).

as reference wavelength (e=19.1 mM~! cm~!). The reaction mix-
ture consisting of 40 mM potassium phosphate, pH 7.4, 16 mM suc-
cinate and 8 uM DCIP was preincubated with 40-80 g homogenate
protein at 30 °C for 20 min. Subsequently, 4mM sodium azide
and 7 M rotenone were added and the reaction was initiated by
addition of 40uM DCIP and was monitored for 5min. Complex
IV activity [21] was measured by following the decrease in ab-
sorbance due to the oxidation of previously reduced cytochrome
¢ at 550 nm with 580nm as reference wavelength (¢=19.1 mM~!
cm~1). The reaction buffer contained 10 mM potassium phosphate,
pH 7.0, 0.6 mM n-dodecyl-p-maltoside, 2-411g homogenate protein
and the reaction was initiated with addition of 0.7 ug reduced cy-
tochrome c. The activity of complex IV was measured at 25 °C for
10 min.

2.7. Protein determination

The protein content in the samples was determined by the
Lowry method using bovine serum albumin as the standard [22].

2.8. Statistical analysis

Data were analyzed using one-way ANOVA followed by Tukey’s
test when p-values were significant (p < 0.05 and 0.01). All analy-
ses were performed using the Statistical Package for the Social Sci-
ence software (SPSS, v 17.0; IBM Corp, Armonk, New York).

3. Results

Mitochondrial electron transport activity is associated with the
activity of different complexes in the electron transport chain. For
assessing the exact complex that may respond to PBM, the activity
of mitochondrial complexes I and IV in C6 cells was determined
(Fig. 1). Groups irradiated with doses of 10 and 30]J/cm? saw an
in increase in complex I activity compared to the control group.

MTT reduction and hexokinase activity increased significantly at
the dose of 30]/cm? when compared to the control.

Similarly, PBM at different time intervals affected the activity
of mitochondrial complexes from the muscle/brain (Fig. 2 and 3).
In the muscles, the activity of complex I at 30 and 60]/cm? and
of complex IV at 60]J/cm? increased 5min after PBM compared to
the control. One hour after muscle irradiation with 10 or 60]/cm?,
the activity of complex II increased compared to the control. On
the other hand, the activity of complex IV in all PBM groups (10,
30, and 60]/cm?) showed a significant increase compared to the
controls.

In brain mitochondria, only the activity of complex IV increased
in all groups 5 min after PBM when compared to the control. After
a 1h interval, complex II activity increased in the group irradiated
with 60]/cm?2, and complex IV activity increased in all PBM groups
(10, 30, and 60]J/cm?) when compared to the control.

4. Discussion

PBM is the use of light, usually through low-level laser or light-
emitting diode treatment, for stimulating the healing and regener-
ation of damaged tissue [1]. Studies have suggested that, in irradi-
ated cells, the first photochemical and photophysical events occur
in the mitochondria and promote respiratory modifications as a re-
sult of structural changes [3,4], as well as metabolic modifications
in these organelles. Thus, it appears that PBM can alter the activity
of respiratory chain complexes, CK, and hexokinase in C6 cells and
mitochondria isolated from muscles/brain.

This study examined the changes in mitochondrial activity af-
ter irradiation with a 670-nm, low-energy AlGalnP laser. When the
low and medium doses were used (10 and 30]/cm?), the activity
of complex I increased, and only the dose of 30]/cm? increased
hexokinase activity and MTT reduction in C6 cells, while a high
dose did not affect any of the analyzed mitochondrial parameters.
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Fig. 2. Effect of low-power laser (LPL) irradiation on the activity of mitochondrial respiratory chain complexes I, II, and IV in skeletal muscles 5 and 60 min after irradiation

with increasing fluences (10, 30 and 60]/cm?) of the AlGalnP laser. Bars represent mean values + standard deviations from four to six independent experiments. *p < 0.05
compared to non-irradiated cells (one-way ANOVA followed by post-hoc Tukey’s test).
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Fig. 3. Effect of low-power laser (LPL) irradiation on the activity of mitochondrial respiratory chain complexes I, II, and IV in the brain 5 and 60 min after irradiation with
increasing fluences (10, 30, and 60]J/cm2) of the AlGalnP laser. Bars represent mean values + standard deviations from four to six independent experiments. *p < 0.05
compared to non-irradiated cells (one-way ANOVA followed by post-hoc Tukey’s test).
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Complex I is the limiting step in oxidative phosphorylation [23],
and its modifications or stimulations may directly affect the over-
all state of cellular energy. This may be related to the presence
of photoreceptors, mainly in complexes I and IV of the respiratory
chain, as previously proposed by Karu in Hela cells [24].

The photoactivation of mitochondrial components sensitive to
visible laser light can cause a short activation of the respiratory
chain, NADH oxidation/reduction, and CCO, leading to beneficial
cellular changes in the redox state of both the cytoplasm and the
mitochondria, which may include increased activity of enzymes
such as hexokinase and of the Krebs cycle and possibly increased
ATP production [3].

Hexokinase is ubiquitously present in tissues, particularly in
brain cells, where the regulation of glucose metabolism and its ac-
tivity are mainly associated with the interaction of mitochondrial
membranes. However, it seems that PBM alters the mitochondrial
membrane potential, which might increase the proximity of hexok-
inase to the outer mitochondrial membrane to facilitate ATP trans-
fer from the mitochondria to the cytosol [25].

In order to explain the effect of PBM on the activity of mus-
cle and brain mitochondria, we interrupted the reactions 5min
and 1h after irradiation. Triggering stimulation or inhibition de-
pends on irradiation time, wavelength, and the focus of irradiation
[26]. We observed fluctuation in mitochondrial activity at differ-
ent fluences (10, 30, 60]/cm?). For example, 5 min after irradiation
of muscle mitochondria with 30 or 60]/cm?, the activity of com-
plex I increased, while the activity of complex IV increased only
after irradiation with 60J/cm? On the other hand, the activity of
complex II increased 1h after irradiation of muscle mitochondria
with 10 or 60]J/cm?, while the activity of complex IV increased 1h
after irradiation with 10, 30, or 60]J/cm?. These results may be be-
cause exposure to higher irradiation after the short interval (5 min)
caused increased electron transport in complexes I and IV, while,
on the other hand, the long interval (1h) allowed the low dose of
10]/cm? to increase electron transfer from complexes II and IV in
the muscle mitochondria.

In the brain mitochondria, 5min after laser treatment, the ac-
tivity of complex IV increased at all doses. Finally, 1h after irradi-
ation the activity of complex IV increased at all doses, while the
activity of complex II increased only at 60]/cm2. The results taken
together showed a fluctuation in activity of the respiratory chain
complexes in relation to the doses used, but we can observe that
the complex IV was more stimulated by PBM in the mitochondria
of the brain.

According to Pastore et al. [27], purified CCO could be activated
in vitro using a red laser at 670 nm. Several studies have reported
that action spectra, i.e., relative efficiency of different wavelengths
for mediating the aspects of the PBM process, correspond to the
absorption spectrum of CCO [28,29]. Perhaps nitric oxide, which is
known to inhibit CCO by non-covalently binding between heme-
a3 and CuB, can be photodissociated by photon absorption (red
or near-infrared light) [30]. One theory for explaining why PBM
seems to have a greater effect in diseased or damaged cells and tis-
sues, and not dramatically affecting healthy cells, is that unhealthy
or hypoxic cells are more likely to have inhibitory concentrations
of NO [31].

As the main PBM chromophores are located inside the mito-
chondria, it follows that cells with multiple mitochondria and a
high metabolic activity are particularly responsive to light. This
consideration applies to muscle cells (skeletal/cardiac) and neu-
rons (especially those in the central nervous system). These cells
are not commonly exposed to light during normal living activity,
while cells of the skin have, due to the constant exposure to light
evolved not to have multiple mitochondria [3].

This study suggests that PBM could increase the activity of mi-
tochondria, possibly due to the absorption of laser light by the

metal centers in the respiratory chain complexes, which may lead
to the stimulation of the cytoplasm and mitochondrial enzymes.

Conflicts of interest

The authors declare no conflicts of interest. The authors alone
are responsible about article content and writing.

Funding

This research was supported by UNESC (Universidade do Ex-
tremo Sul Catarinense), CNPq (Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnol6gico), and FAPESC (Fundagdo de Amparo
a Pesquisa e Inovacdo do Estado de Santa Catarina).

Ethical approval

All experimental procedures were in accordance with the
Brazilian Guidelines for the Care and Use of Animals for Scientific
and Didactic Purposes (DOU 27/5/13, MCTI, p. 7) and approved by
the local ethical committee).

References

[1] Greco M, Vacca RA, Moro L, Perlino E, Petragallo VA, Marra E, et al. Helium-
Neon laser irradiation of hepatocytes can trigger increase of the mitochondrial
membrane potential and can stimulate c-fos expression in a Ca2+-dependent
manner. Lasers Surg Meditor 2001;29:433-41.

[2] Karu TI. Multiple roles of cytochrome c oxidase in mammalian cells under ac-
tion of red and IR-A radiation. IUBMB Life 2010;62:607-10.

[3] Hamblin MR. Mechanisms and mitochondrial redox signaling in photobiomod-
ulation. Photochem Photobiol 2017;94(2):199-212.

[4] Yu W, Naim JO, McGowan M, Ippolito K, Lanzafame R]. Photomodulation of
oxidative metabolism and electron chain enzymes in rat liver mitochondria.
Photochem Photobiol 1997;66:866-71.

[5] Benedicenti S, Pepe IM, Angiero F, Benedicenti A. Intracellular ATP level in-
creases in lymphocytes irradiated with infrared laser light of wavelength
904nm. Photomed Laser Surg 2008;26:451-3.

[6] Bortoletto R, Silva NS, Zangaro RA, Pacheco MT, Da Matta RA, Pacheco-
Soares C. Mitochondrial membrane potential after low-power laser irradiation.
Lasers Med Sci 2004;18:204-6.

[7] Tullberg M, Alstergren PJ, Ernberg MM. Effects of low-power laser exposure on
masseter muscle pain and microcirculation. Pain 2003;105:89-96.

[8] Silveira PC, Silva LA, Fraga DB, Freitas TP, Streck EL, Pinho R. Evaluation of
mitochondrial respiratory chain activity in muscle healing by low-level laser
therapy. ] Photochem Photobiol B 2009;95:89-92.

[9] Xu X, Zhao X, Liu TC, Pan H. Low-intensity laser irradiation improves the mi-
tochondrial dysfunction of C2C12 induced by electrical stimulation. Photomed
Laser Surg 2008;26:197-202.

[10] Avni D, Levkovitz S, Maltz L, Oron U. Protection of skeletal muscles from is-
chemic injury: low-level laser therapy increases antioxidant activity. Photomed
Laser Surg 2005;23:273-7.

[11] Hu WP, Wang JJ, Yu CL, Lan CC, Chen GS, Yu HS. Helium-neon laser irradiation
stimulates cell proliferation through photostimulatory effects in mitochondria.
J Invest Dermatol 2007;127:2048-57.

[12] Latini A, da Silva CG, Ferreira GC, Schuck PF, Scussiato K, Sarkis JJ, et al. Mi-
tochondrial energy metabolism is markedly impaired by D-2-hydroxyglutaric
acid in rat tissues. Mol Genet Metab 2005;86:188-99.

[13] Remor AP, de Matos FJ, Ghisoni K, da Silva TL, Eidt G, Burigo M, et al. Differen-
tial effects of insulin on peripheral diabetes-related changes in mitochondrial
bioenergetics: involvement of advanced glycosylated end products. Biochim
Biophys Acta 2011;1812:1460-71.

[14] Silveira PC, Silva LA, Freitas TP, Latini A, Pinho RA. Effects of low-power laser
irradiation (LPLI) at different wavelengths and doses on oxidative stress and
fibrogenesis parameters in an animal model of wound healing. Lasers Med Sci
2011;26:125-31.

[15] Albuquerque-Pontes GM, Casalechi HL, Tomazoni SS, Serra AJ, Ferreira CSB,
Brito RBO, et al. Photobiomodulation therapy protects skeletal muscle and im-
proves muscular function of mdx mice in a dose-dependent manner through
modulation of dystrophin. Lasers Med Sci 2017;5:017-2405.

[16] Mosmann T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J Immunol Methods
1983;65:55-63.

[17] Hughes BP. A method for the estimation of serum creatine kinase and its use
in comparing creatine kinase and aldolase activity in normal and pathological
sera. Clin Chim Acta 1962;7:597-603.

[18] Camacho-Pereira J, Meyer LE, Machado LB, Oliveira MF, Galina A. Reactive oxy-
gen species production by potato tuber mitochondria is modulated by mito-
chondrially bound hexokinase activity. Plant Physiol 2009;149:1099-110.


http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0001
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0002
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0002
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0003
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0003
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0004
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0004
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0004
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0004
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0004
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0004
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0005
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0005
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0005
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0005
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0005
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0006
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0006
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0006
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0006
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0006
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0006
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0006
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0007
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0007
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0007
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0007
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0008
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0008
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0008
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0008
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0008
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0008
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0008
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0009
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0009
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0009
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0009
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0009
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0010
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0010
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0010
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0010
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0010
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0011
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0011
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0011
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0011
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0011
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0011
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0011
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0012
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0013
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0014
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0014
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0014
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0014
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0014
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0014
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0015
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0016
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0016
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0017
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0017
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0018
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0018
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0018
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0018
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0018
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0018

P.C.L. Silveira, G.K. Ferreira and R.P. Zaccaron et al./Medical Engineering and Physics 71 (2019) 108-113 113

[19] Cassina A, Radi R. Differential inhibitory action of nitric oxide and
peroxynitrite on mitochondrial electron transport. Arch Biochem Biophys
1996;328:309-16.

[20] Fischer JC, Ruitenbeek W, Trijbels JM, Veerkamp JH, Stadhouders AM, Sen-
gers RC, et al. Estimation of NADH oxidation in human skeletal muscle mi-
tochondria. Clin Chim Acta 1986;155:263-73.

[21] Rustin P, Moreau F. Malic enzyme activity and cyanide-insensitive elec-
tron transport in plant mitochondria. Biochem Biophys Res Commun
1979;88:1125-31.

[22] Lowry OH, Rosebrough NJ, Farr AL, Randall R]. Protein measurement with the
Folin phenol reagent. ] Biol Chem 1951;193:265-75.

[23] Chinopoulos C, Adam-Vizi V. Mitochondria deficient in complex i activity are
depolarized by hydrogen peroxide in nerve terminals: relevance to Parkinson’s
disease. ] Neurochem 2001;76:302-6.

[24] Karu TI. Mitochondrial signaling in mammalian cells activated by red and
near-IR radiation. Photochem Photobiol 2008;84:1091-9.

[25] Lubart R, Eichler M, Lavi R, Friedman H, Shainberg A. Low-energy laser irradi-
ation promotes cellular redox activity. Photomed Laser Surg 2005;23:3-9.

[26] Kreisler M, Christoffers AB, Willershausen B, d’Hoedt B. Effect of low-level
GaAlAs laser irradiation on the proliferation rate of human periodon-
tal ligament fibroblasts: an in vitro study. ] Clin Periodontol 2003;30:
353-358.

[27] Pastore D, Greco M, Passarella S. Specific helium-neon laser sensitivity of the
purified cytochrome c oxidase. Int ] Radiat Biol 2000;76:863-70.

[28] Masha RT, Houreld NN, Abrahamse H. Low-intensity laser irradiation at 660nm
stimulates transcription of genes involved in the electron transport chain. Pho-
tomed Laser Surg 2013;31:47-53.

[29] de Brito Vieira WH, Ferraresi C, Schwantes MLB, de Andrade Perez SE, Baldis-
sera V, Cerqueira MS, et al. Photobiomodulation increases mitochondrial cit-
rate synthase activity in rats submitted to aerobic training. Lasers Med Sci
2017;26:017-2424.

[30] Sarti P, Forte E, Mastronicola D, Giuffre A, Arese M. Cytochrome c oxidase and
nitric oxide in action: molecular mechanisms and pathophysiological implica-
tions. Biochim Biophys Acta 2012;1817:610-19.

[31] Lane N. Cell biology: power games. Nature 2006;443:901-3.


http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0019
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0019
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0019
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0020
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0021
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0021
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0021
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0022
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0022
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0022
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0022
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0022
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0023
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0023
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0023
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0024
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0024
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0025
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0025
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0025
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0025
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0025
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0025
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0026
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0026
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0026
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0026
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0026
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0027
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0027
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0027
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0027
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0028
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0028
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0028
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0028
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0029
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0030
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0030
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0030
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0030
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0030
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0030
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0031
http://refhub.elsevier.com/S1350-4533(19)30125-0/sbref0031

	Effects of photobiomodulation on mitochondria of brain, muscle, and C6 astroglioma cells
	1 Introduction
	2 Material and methods
	2.1 Cell culture
	2.2 Preparation of tissue mitochondria for measuring the activity of respiratory chain complexes
	2.3 Laser irradiation of C6 glioma cells
	2.4 Application of laser to mitochondrial suspensions from adult rat skeletal muscles/brains
	2.5 Mitochondrial function measurement
	2.6 Mitochondrial respiratory chain enzyme activity
	2.7 Protein determination
	2.8 Statistical analysis

	3 Results
	4 Discussion
	Conflicts of interest
	Funding
	Ethical approval
	References


