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Photobiomodulation can alter mRNA levels cell death-related
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Abstract
Photobiomodulation (PBM) by low-level laser has demonstrated excellent results for inflammatory treatments, promot-
ing repair of injured tissues. Knowledge regarding the molecular mechanisms involved in this process has been increas-
ing, but its effect on cell death/survival-related gene expression after laser irradiation with different doses is not well
understood. So, it is important to know these effects in order to guarantee the safety of therapeutic protocols based on
PBM. This study aimed to investigate the mRNA levels of genes related to proteins involved in cell death/survival
pathways of healthy tissues from talocrural joint of mice after PBM. Mice were divided into three groups: control, PBM
at 3 J cm−2, and PBM at 30 J cm−2. Laser irradiation was performed on talocrural joint during four consecutive days.
Morphological analyses, immunocytochemistry, FasL, Fas, Bax, Apaf1, Caspase9, Caspase3, Caspase6, Bcl2 mRNA
levels, and DNA fragmentation were performed to verify cell death induction after laser irradiation. PBM can increase
mRNA levels of almost genes pro-apoptotic. On the other hand, mRNA level of anti-apoptotic protein Bcl-2 gene was
not significantly altered. Bcl-2/Bax ratio (indicator of protective molecular response) was decreased after PBM at
30 J cm−2, trending to DNA fragmentation. Results obtained in this study indicate that PBM by low-level infrared laser
alters mRNA relative levels of genes involved in cell death pathways. However, these molecular alterations were not
able to cause DNA fragmentation in cells in talocrural joint tissues, indicating that infrared laser was not enough to cause
cell death.
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Abbreviations
μm Micrometers
AlGaAs Gallium arsenide aluminum
AMPc Adenosine monophosphate cyclic
APAF-1 BApoptotic protease-activating factor 1^ or

apoptosis factor 1 activating protease
ATP Adenosine triphosphate
BAK Member of the pro-apoptotic Bcl-2 family
BAX Member of the pro-apoptotic Bcl-2 family
Bcl-2 B cell lymphoma protein 2
BH3 Member of the pro-apoptotic Bcl-2 family
BID Member of the pro-apoptotic Bcl-2 family
BAD Member of the pro-apoptotic Bcl-2 family
Caspase Cysteine-specific protease aspartyl
cDNA Complementary deoxyribonucleic acid
DISC Death-inducing signaling complex
DNA Deoxyribonucleic acid
EROs Reactive oxygen species
FADD BFas-associated death domain^ or FAS-

associated death domain
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FAS or CD95 or
APO-1

Pro-apoptosis membrane receptor or
protein

F A S - L o r
CD95L

FAS-binding membrane protein

IL-1 Interleukin 1
IL-17 Interleukin 17
J/cm2 Joules per square centimeters
LASER Light amplification by stimulated emis-

sion of radiation
mJ Millijoules
MMP Matrix metalloproteinases
mW Milliwatt
nm Nanometers
PBS Saline phosphate-buffered solution
PCR Polymerase chain reaction
RNA Ribonucleic acid
RNS Reactive nitrogen species
t-BID Truncated BID
TdT Terminal deoxynucleotidyl transferase
TGF-β Transforming growth factor β
TNF Tumor necrosis factor
TNFR1 TNF receptor
TUNEL POD Peroxidase-labeled antibody used for

the detection of apoptosis (pro-
grammed cell death) with the TUNEL
reaction followed by microscopy

Introduction

Photobiomodulation (PBM) effect induced by low-level
lasers has been widely used in many rehabilitation pro-
grams with promising results [1, 2] for treatment of ortho-
pedic and rheumatic disorders, such as muscle and tendon
injuries [3], rheumatoid diseases (rheumatoid arthritis and
osteoarthritis) [4], fibromyalgia [5], low back pain [6–8],
and carpal tunnel syndrome [9]. Several molecular mech-
anisms were proposed to explain the benefits of laser ir-
radiation and the most accepted for cell-light interaction
was proposed by Karu [10], referring to retrograde mito-
chondrial signaling, which occurs by light activation at
visible and infrared region of electromagnetic spectrum.
It is reported that alterations on mitochondrial membrane
potential and permeability lead to ATP synthesis increase,
change the calcium ion homeostasis, and increase of re-
active oxygen species (ROS) production [10]. Some of
these immediate events (i.e., occurred along some minutes
after laser irradiation) lead to cascade of cellular signaling
and molecular responses [11], culminating in changes on
gene expressions [11–14].

When an area is irradiated, cells absorve energy from
monochromatic (laser) radiation [11, 15], inducing cell re-
sponses. All tissues irradiated in this area (healthy or not)

may respond it differently, since laser irradiation is not habit-
ual for them. According to Hamblin [15, 16], cells present
biphasic-dose response to PBM, in which stimulatory or in-
hibitory effects can be observed. The type of cell response
would be conditioned to time exposure and doses. Thus, the
challenge for researches involving PBM is to establish safe
doses for rehabilitation treatments, focusing injured tissues
and to understand that irradiated area involves not only injured
but also healthy tissues. Thereby, these findings may also help
to understand molecular mechanisms related to beneficial and
adverse laser-induced effects.

Previous studies of inflammatory models demonstrated
that apoptosis occurs mainly in inflammatory cells while
this process does not occur in other cells (healthy cells
close to inflammatory area) [17, 18]. This indicates that
different cell types may express different mechanisms of
death/survival at different thresholds. It was described
that inflammatory cells have additional mechanisms for
free radical production [15, 19], and this may explain
selective effects of PBM. Also, some authors have re-
ported induction of apoptotic process in healthy tissues
after PBM [20–22].

Apoptosis is initiated by formation of multiprotein com-
plexes, including death signaling complex. This complex is
generated after binding of extracellular death ligands to
death receptors (extrinsic pathway) and/or by cytochrome
c release from mitochondria (intrinsic pathway). Both
pathways recruit and activate caspases, including effector
caspases, targeting specific cellular and nuclear substrates
for proteolysis. After signaling apoptosis, modifications
occur within cell, including caspase activation that cleaves
cellular components necessary for normal functions, such
as cytoskeletal and nuclear proteins. Cytoskeleton reorga-
nization and DNA fragmentation by endonucleases are
promoted by effector caspases (caspase 3, for example),
culminating in apoptotic body formation [23–25].

The mitochondrial pathway is regulated by both anti-
apoptotic Bcl-2 family proteins (Bcl-2, Bcl-x,Bcl-XL,
Bcl-XS, Bcl-w, and BAG) and pro-apoptotic proteins
(Bax, Bak, Bid, Bad, Bim, Bik, and Blk). Pro-apoptotic
proteins stimulate cytochrome c release from mitochon-
dria that, together with Apaf-1, form a complex called
apoptosome [25–27]. On the other hand, anti-apoptotic
Bcl-2 family prevents apoptogenic factors release from
mitochondria, including cytochrome c [28]. So, cellular
resistance to apoptotic stimuli is due to balance between
anti-apoptotic and pro-apoptotic proteins [29].

Since different cell types have mechanisms of death/
survival at different thresholds and molecular mechanisms
involved in PBM are not understood yet, this study aimed
to investigate mRNA levels of genes related to cell death
pathways in tissues from talocrural joint after PBM by
low-level infrared laser irradiation.
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Material and methods

Experiments were approved by Ethics Committee of Federal
University of Juiz de Fora (protocol 039/2014) and conducted
in accordance with international ethical standards.

Animals

Eighteen male C57BL/6 mice aged 8–10 weeks, body weight
between 24 and 28 g, were kept in a controlled environment
(temperature 25° ± 2 °C, light/dark cycle of 12/12 h). Animals
were randomly distributed into three groups (n = 6): (i)
control—not irradiated with low-level laser, (ii) 3 J cm−2—
irradiated with low-level laser at 3 J cm−2, and (iii)
30 J cm−2—irradiated with low-level laser at 30 J cm−2.

Low-level laser

A low-level infrared laser (AlGaAs laser; HTM Indústria de
Equipamentos Eletro-eletrônicos Ltda, Brazil) was used in
this study. The laser parameters were wavelength 830 nm,
power output of 10 mW, laser beam area of 0.05 cm2, power
density of 0.2W cm−2, and energy densities of 3 and 30 J cm−2

(a total energy of 150 and 1500 mJ after 15 and 150 s, respec-
tively) in continuous wave emission mode.

Animals were immobilized and laser irradiations were per-
formed for 4 consecutive days on both talocrural joints.
Twenty-four hours after the last laser irradiation, the animals
were anesthetized with ketamine hydrochloride (80 mg kg−1;
Syntec, Brazil) and xylazine hydrochloride (20 mg kg−1;
Syntec, Brazil) intraperitoneally and then cervical dislocation
was performed, as approved by local Animal Experimentation
Committee. Joints were dissected, skin removed, washed in
distilled water to remove blood, and distributed to morpholog-
ical and imunohistochemical analysis (right joints) and real-
time PCR analysis (left joints).

Total RNA extraction and real-time PCR

After skin and muscle removal, the left joints were immersed
in liquid nitrogen, macerated, and total RNAwas extracted by
phenolic buffer technique. Briefly, TRIzol® reagent
(Invitrogen, USA) was added and centrifuged (12,000 rpm,
4 °C, 10 min). The supernatants were transferred to other
tubes, chloroform was added, mixtures were centrifuged
(12,000 rpm, 4 °C, 15 min), aqueous phases were transferred
to other tubes, and isopropanol was added. After incubation at
room temperature for 15 min the mixtures were centrifuged
(12,000 rpm, 4 °C, 10 min), supernatants were discarded, and
precipitate was washed with ethanol-DEPC solution (80%
ethanol, 0.1%) and centrifuged. Supernatants were removed
and total RNA was reconstituted in water-DEPC solution
(0.1%). The concentration and purity of RNAwas determined

by spectrophotometer, calculating optical density ratio at
wavelength ratio of 260/280 nm. Then, 2 μg of total RNA
was transcribed into complementary DNA (cDNA) using
cDNA Reverse Transcription Kit (Applied Biosystems,
USA) following manufacturer’s guidelines. Primers for quan-
titative real-time polymerase chain reaction (RT-qPCR) were
designed using Primer 3 program [17, 30], on different exons
in order to avoid the possibility of contamination with geno-
mic DNA. Real-time PCR assay was performed using Step
One Plus™ Real Time PCR System instrument (Applied
Biosystems, USA) under following conditions: 40 cycles; on
each cycle, initial denaturation at 95 °C for 10 min, denatur-
ation at 95 °C for 15 s, and primer pairing and extension at
60 °C for 1 min. For analysis of gene expression, 2−ΔΔCT

method was used [31]. As an internal control, β-actin was
used.

Histological procedures

Right joints were dissected and fixed in 4% paraformaldehyde
solution for 24 h, decalcified in 5% nitric acid for 48 h,
dehydrated, and embedded in histosec® paraffin (Merck,
Germany). Sagittal sections (4 μm thick) were used for
TUNEL analysis.

DNA fragmentation

DNA fragmentation was detected using a TUNEL POD assay
(Roche, Germany) according to manufacturer’s manual. After
deparaffinization and permeabilization, tissue sections were
incubated in proteinase K for 15 min at room temperature.
Sections were then incubated in TUNEL reaction mixture
containing terminal deoxynucleotidyl transferase (TdT) and
fluorescein-dUTP at 37 °C for 1 h. After washing three times
with phosphate-buffered solution (PBS), sections were incu-
bated with Converter-POD containing horseradish
peroxidase-conjugated anti-fluorescein antibody (POD) at
room temperature for 30 min. After washing three times with
PBS, these sections were incubated with 3-3′-diaminobenzi-
dine (Sigma-Aldrich, USA) for 10 min at room temperature
(25 °C) and then stained with methyl green [17].

Image analyses

Morphological and quantitative analyses were performed
using Olympus microscope (BX53F), equipped with U-
PlanFL N 4/0.13, 10/0.30, 40/0.75, and 100/0.85 objectives.
Images were captured by Olympus DP73 camera, using cell
Sens Image software (version 5.1, Olympus, USA). For quan-
titative analysis, objective 40/0.75 was used. Image Pro Plus
software (Media Cybernetics, Inc.) was used for quantification
of positive TUNEL POD cell labeling.
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Statistical analysis

Normality of data was tested by Shapiro-Wilk test.
Considering that most variables did not exhibit a normal
distribution, results were presented as median ± interquar-
tile range. For variables with normal distribution, analysis
of variance (ANOVA) was used for group comparisons
followed by appropriate post hoc tests with Bonferroni
corrections when significant differences were identified.
For other variables, Kruskal-Wallis test was used for
group comparisons followed by Dunn’s test as post hoc
test when significant differences were identified.
Significance level for all tests was set as p ≤ 0.05.
GraphPad software (GraphPad Prism VII Software, San
Diego, CA, USA) was used for all statistical analysis
and graphical design.

Results

Relative gene expressions related to apoptosis

Figure 1a, b shows that relative mRNA levels of genes
related to apoptotic pathways were altered after infrared
laser exposure at 3 and 30 J cm−2, when compared with
control group. Results indicate that infrared laser irradia-
tion at both energy densities increased Bax and Fas mRNA
levels, while FasL, Caspase 9, Caspase 3, and Caspase 6
mRNA levels were increased only at 3 J cm−2. Also, Apaf1
mRNA level was increased only at 30 J cm−2 when com-
pared with control group.

Ratio Bcl-2/Bax

The Bcl-2/Bax ratio was used as indicator of apoptotic poten-
tial, such as high ratios indicate anti-apoptosis profile and low
ratios indicate apoptosis profile. Bcl-2/Bax ratio for animals
from 30-J cm−2 group was decreased when compared with
control group. This result was not observed for group laser
irradiated at 3 J cm−2 (Fig. 2).

Morphological analysis and DNA fragmentation

Morphological changes were not observed after infrared laser
irradiation for both energy densities evaluated. All tissues
present in talocrural joint (articular cartilage, connective tis-
sue, and bone) did not present morphological characteristic
altered after infrared laser irradiation.

DNA fragmentation was detected only in cells from con-
nective tissues, while cells from articular cartilage and bone
did not present positive labeling. However, quantitative anal-
ysis indicated no statistical differences (p > 0.05) after infrared
laser irradiation for both energy densities evaluated (Fig. 3).

Discussion

Although PBM has been widely used in various therapeutic
forms for treatment of disorders [1, 2, 18, 32–35], experimen-
tal investigations are necessary for a better understanding of
cell responses, becoming this therapy safer and more effec-
tive. Most of these studies describe good results for PBM but
there are also in literature studies suggesting sub-lethal DNA
damages and apoptosis induction [22, 36]. As cells show

Fig. 1 Median ± interquartile range of mRNA levels for genes related to apoptotic pathways after laser irradiation at 3 J cm−2 (a) and 30 J cm−2 (b).
*Significantly different (p < 0.05)
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biphasic dose response (stimulatory or inhibitory effects) to
PBM [15, 16], the type of cellular response would be condi-
tioned by time irradiation and laser doses [33, 37]. Following
that, we investigated whether apoptosis mechanisms would be
active in different cells from tissues present in talocrural joint

after PBM by low-level infrared laser, comparing two differ-
ent energy densities (3 and 30 J cm−2).

Since light is absorbed by mitochondria and it plays a key
role in apoptotic processes, cell death could be triggered
through extrinsic and intrinsic pathways. mRNA levels for
genes involved in both pathways were altered at two energy
densities evaluated (3 and 30 J cm−2). Extrinsic pathway-
mediated apoptosis is activated when certain ligands, such as
Fas-L, bind at death receptors on plasma membrane, leading
to cytoplasmatic signaling and caspase-8 activation [38, 39].
Formation of active caspase-8 will act as caspase initiator,
which in turn acts other effector caspases (such as caspase-3
and -6) [39–42]. Our results show that Fas, Fas-L, caspases-3,
-6, and -9 mRNA levels were upregulated after laser irradia-
tion at 3 J cm−2. On the other hand, only Fas mRNA level was
increased after laser irradiation at 30 J cm−2 when compared
with control group. Intrinsic pathway is directly related to
mitochondria, especially via Bid and Bax proteins (two pro-
apoptotic proteins present in Bcl-2 family). These proteins
promote cytochrome c release from mitochondrial intermem-
brane space to cytoplasm. Once in cytoplasm, cytochrome c
binds to adaptor protein Apaf-1, which is able to activate
caspase-9 and, possibly, other initiator caspases. Bax mRNA
level was altered after laser irradiation for both energy

Fig. 3 Representative images demonstrate DNA fragmentation in tissues frommouse talocrural joint. aControl. b 3 J cm−2. c 30 J cm−2. dQuantification
of positive cell labeling (median ± interquartile). There were no significant differences. Arrow indicates positive cell labeling

Fig. 2 Median ± interquartile range of the Bcl-2/BaxmRNA level ratio of
control and laser irradiated groups at 3 and 30 J cm−2. *Significantly
different (p < 0.05)
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densities tested, while Apaf1 mRNA relative level was in-
creased only after laser irradiation at 30 J cm−2 (Fig. 1a, b).

Bcl-2 family presents a range of bioactivities from inhibi-
tion up to promotion of apoptosis [43]. While Bax and Bid
proteins can release cytochrome c from mitochondrial inter-
membrane space to cytoplasm, Bcl-2 protein prevents cyto-
chrome c release, acting as a regulator or inhibitor of apopto-
sis. Also, this protein contributes to inhibition of ROS gener-
ation and intracellular acidification, thereby stabilizing the
membrane potential of mitochondria [44, 45]. Bax can act
by binding to Bcl-2, promoting formation of apoptosome
(complex formed byAPAF-1 and activated caspase-9) leading
to apoptosis. Moreover, Bax can also promote apoptosis
through interaction with mitochondria, independently of inter-
action with anti-apoptotic proteins [46]. Bcl-2/Bax ratio, when
equilibrated, acts as regulatory effect in apoptosis [28]. In our
results, Bax mRNA level was increased but Bcl-2 mRNA
level was not altered after 30 J cm−2, which may be indicative
of stimulus to cell death.

Morphologically, apoptosis is characterized by chroma-
tin condensation and DNA fragmentation, followed by nu-
clear membrane disruption and apoptotic body formation
[22, 47]. This fragmentation is consequence of cascade
caspases that, when activated, moves towards to nucleus
causing DNA fragmentation. Although TUNEL result did
not demonstrate statistical differences after laser irradiation
for both energy densities tested, it demonstrated a tendency
of fragmentation after laser irradiation at higher energy
density (30 J cm−2). In this group, positive cell labeling
was well observed in cells from connective tissue present
in synovial membranes. In addition, no positive cell label-
ing was observed in bone and articular cartilage cells. In
previous study, DNA fragmentation and loss of chromatin
in tendons (connective tissue) is reported as a consequence
of PBM by low-level infrared laser (same equipment, but
different energy densities); both events are related to apo-
ptosis process [22]. In addition, these different cell re-
sponses could indicate more sensibility to light absorption
of fibroblasts than other cells. These are important findings
for joint injury rehabilitation using PBM, since local tis-
sues could respond in different ways. So, it is important to
point out that irradiated area involves not only inflamma-
tory cells but also healthy tissues and PBM may cause
apoptosis stimuli in cells not injured.

Although the mRNA levels for almost pro-apoptotic genes
were increased and anti-apoptotic mRNA levels were not al-
tered, cell death was not completely implemented. PBM was
able to alter mRNA levels for pro-apoptotic genes, both in-
volved in extrinsic and intrinsic pathways, but somehow this
stimulus is not enough to drive cells to death. However, it has
been previously described that PBM at high energy densities
induces apoptosis by activation of caspase-3 and alteration of
mitochondrial permeability [33].

Therefore, our research suggests that good clinical
practice responses to PBM depend not only on physical
laser irradiation parameters but also on understanding of
tissues involved and their different responses for laser
parameters. This study could contribute to safer therapies
decreasing possible side effects from PBM when used for
treatment of joint injury.

Conclusion

The results obtained in this study indicate that PBM can
alter mRNA levels of genes involved in cell death path-
ways. However, these molecular alterations were not able
to cause DNA fragmentation in cells from talocrural joint
tissues, indicating that this stimulus is not enough to drive
cell to death.
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