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a b s t r a c t

Photobiomodulation (PBM) encompasses a light application aimed to increase healing process, tissue

regeneration, and reducing inflammation and pain. PBM is specifically aimed to modify the expression of

cellular molecules; however, PBM impacts on cellular and molecular pathways especially in bone

regenerative medicine have been investigated in scattered different studies. The purpose of the current

study is to systematically review evidence on molecular impact of PBM on bone regeneration. A

comprehensive electronic search in Medline, Scopus, EMBASE, EBSCO, Cochrane library, web of science,

and google scholar was conducted from January 1975 to October 2018 limited to English language

publications on administrations of photobiomodulation for bone regeneration which evaluated biological

factors. In addition, hand search of selected journals was done to retrieve all articles. This systematic

review was performed based on PRISMA guideline. Among these studies, five articles reported in vitro

results, twelve articles were in vivo, and three of themwere clinical trials. The data tabulated according to

the type of markers (osteogenic markers, angiogenic markers, growth factors, and inflammation medi-

ators). PBM's effects depend on many parameters which energy density is more important than the

others. PBM can significantly enhance expression of osteocalcin, collagen, RUNX-2, vascular endothelial

growth factor, bone morphogenic proteins, and COX-2. Although since the heterogeneity of the studies

and their limitations, an evidence-based decision for definite therapeutic application of PBM is still

unattainable, the findings of our review can help other researchers to ameliorate their study design and

elect more efficient approach for their investigation.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Photobiomodulation (PBM) encompasses a light application
aimed to increase healing process (Posten et al., 2005), tissue
regeneration (da Silva et al., 2010), reducing inflammation and pain
(Woodruff et al., 2004), and alteration in immunologic activity
(Dostalova et al., 2017). Nowadays, PBM as a noninvasive thera-
peutic approach applied for wide medical purposes from nerve
injuries (Sene et al., 2013) andwound healing (Ustaoglu et al., 2017)
to osteoarthritis treatment (Huang et al., 2015). PBM commonly
consist of low level laser therapy, red/infrared coherent or LED non
coherent light which provides lower (1e500mW) output power in
comparison to other laser treatment methods (AlGhamdi et al.,
2012). Hence, not only this treatment modality is not harmful
due to lack of any thermal effects (Basford, 1995), but also it can
stimulate some beneficial photochemical reactions that affect
cellular metabolism.

In vivo investigations have shown that PBM can stimulate
mesenchymal stem cells (MSCs) proliferation by potential changes
in gene expressions and activations (Peat et al., 2018; Schneede
et al., 1988; Wu et al., 2012). Funk et al. represented that cytokine
release will alter after PBM via He � Ne laser (Funk et al., 1992). In
addition, there are many studies reported beneficial impacts of
PBM on wound healing and tissue repair which have been sug-
gested to cause by modulating of inflammation mediators like
interleukin (IL) �1, interferoneg (Deng et al.), and tumor necrosis
factor (TNF) ea, and increasing of growth factor secretion such as
fibroblast growth factor (FGF), platelet derived growth factor
(PDGF), and transforming growth factor (TGF) (Al-Watban and
Zhang, 2004; Enwemeka et al., 2004; Neiburger, 1999; Safavi
et al., 2008). PBM induces new bone formation with enhancing
osteoblastic activity and reducing osteoclastic activity (Ninomiya
et al., 2007). It has been shown that laser therapy can increase
bone regeneration via affecting regulatory factors in bone matrix
(Ueda and Shimizu, 2003). Moreover, PBM is able to increase the
expression of bone morphogenic protein-4 (BMP-4) and activation
of transcription factors such as Runt-related transcription factor�2
(RUNX-2) genes during bone healing process in animal model
(F�avaroePípi et al., 2011). There are several proposed molecular
mechanism for explaining PBM's effects such as affecting beta
catenin pathway, cyclinD1 pathway, and mitogen activated protein
kinase pathway (de Freitas and Hamblin, 2016). PBM can increase
intracellular adenosine triphosphate (ATP) which plays a major role
in cellular signaling (Farivar et al., 2014). It has been seen that
Calcium concentration increased after PBM application (Santulli
and R Marks, 2015). Thereby, Calcium-sensitive signaling path-
ways can be triggered by laser irradiation (Sharma et al., 2011; Wu
et al., 2010).

Although one of the goals of PBM is to modify the expression of
cellular molecules, the molecular mechanisms especially in bone

regenerative medicine have been investigated in various scattered
studies and are not precisely understood. The current study aims to
systematically review the available literature on molecular impact
of PBM on bone regeneration.

2. Material and methods

2.1. Protocol

This review is organized and followed PRISMA guidelines
(Moher et al., 2015) for systematic reviews.

2.2. Eligibility criteria

Types of studies: All clinical investigations (clinical trials, case-
controls, and case series), in vitro and in vivo investigations,
which administrated level laser therapy, red/infrared coherent or
LED non-coherent light (photobiomodulation) for bone regenera-
tive investigations on cell lines, humans and animal models were
included. Case reports, systematic and literature reviews, letter to
editors, and thesis were omitted.

Types of participants: Humans and any type of animal models
(such as rats and primates), photobiomodulation (such as red la-
sers, and infrared lasers) were included. Animal models with other
systemic variables (such as diabetic rats) were excluded.

Types of interventions: Studies investigated photobiomodulation
on osteoprogenitor stem cells, osteoblast like cell lines, and bone
regeneration in human beings and animal models which assessed
osteogenic, angiogenic, growth factors, and inflammation media-
tors were included and others were excluded. In addition, studies
which did not aim to evaluate the molecular impact of photo-
biomodulation application on osteogenic, angiogenic, growth fac-
tors, and inflammation mediators and only assessed the amount of
bone formation were excluded.

Types of outcome measures: Level of biological factors reported by
any of following tests; Alizarin Red staining and gene analysis. Bone
regeneration reported by any of the following tests; Histological and
immunohistochemistry analysis, enzyme-linked immunosorbent
assays, and real-time polymerase chain reaction (RT-PCR).

2.3. Information sources

MEDLINE (NCBI PubMed and PMC), EMBASE, EBSCO, Scopus,
Cochrane library, web of science, and google scholar were the in-
formation sources. Moreover, a hand search was done from January
2007 to October 2018 specifically in the following journals; Lasers
in Medical Science, Journal of Photochemistry & Photobiology B,
Photomedicine and Laser Surgery, Tissue Engineering: Part A, La-
sers in Surgery, and Medicine and Journal of Dental Research.
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2.4. Search strategy

An electronic search was conducted in PubMed from January
1975 to October 2018 limited to English language publications.
Published papers on photobiomodulation in bone regenerationwere
found using the following keywords alone or ensemble: ("Laser
Therapy"[Mesh] OR "Low-Level light Therapy"[Mesh] OR "Laser
Phototherapy"[Mesh] OR "Photobiomodulation Therapy"[Mesh] OR
"Low-intensity laser therapy"[Mesh] OR "Low-Level Laser Irradi-
ation"[Mesh]) AND ("Bone regeneration"[Mesh] OR "Inflammation
Mediators"[Mesh] OR "Bony Defects"[Mesh] OR "Biological Fac-
tors"[Mesh] OR "Biomarkers"[Mesh]). In addition,manually search of
the articles in the selected journals has been done.

2.5. Study selection and data extraction

Two independent reviewers retrieved studies according to the
defined keywords. They also performed initial screening on titles
and abstracts of the selected articles according to the pre-defined
eligibility criteria. Disagreement between reviewers was resolved
by discussion and if still remain, a third person consulting will use.
After all, we reviewed all full texts in which all the authors selected

and confirmed. Data extraction were performed according to
PRISMA statement.

2.6. Data items

Data were summarized according to followings: 1) Author and
year of publication; 2) laser properties and treatment protocol; 3)
Type of study (clinical investigations and in vivo/in vitro); 4) types
of animal models; 5) types of cells for in vitro investigations; 6)
defects characteristics; 7) Method of assessment; 8) type of eval-
uated marker(s); 9) duration of follow ups; and 10) outcomes of
assessments.

3. Results

3.1. Study selection

Fig. 1 illustrated the PRISMA flow diagram of search strategy
used in this study. 2873 articles were retrieved from the databases
and one article from other sources and two studies from hand
search. A total of 2876 articles were initially screened by two in-
dependent reviewers and 2781 studies were excluded due to

Fig. 1. PRISMA flow diagram of search strategy used in this study.
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duplication and un related keywords according to our study design.
After exclusion of non-relevant articles, the records of 95 studies
were evaluated. Within these studies, four of them were excluded
since they only investigated pre-osteoblast cell proliferation after
laser therapy (Aihara et al., 2006; El-Maghraby et al., 2013; Garcia
et al., 2013; Huertas et al., 2014). Three studies were excluded due
to the fact that they evaluated differentiation by alkaline activity
measurement in their study (Coombe et al., 2001; Jawad et al.,
2013; Korany et al., 2012). Seven other studies excluded because
of utilization of diabetic (Mostafavinia et al., 2017a; Patrocínio-Silva
et al., 2014) and osteoprotic (Bossini et al., 2011; Fredoni et al., 2017;
Mohsenifar et al., 2016; Mostafavinia et al., 2017b; Scalize et al.,
2015) rats as their animal models. Five studies assessed bone for-
mation or osteointegration just by radiographic scans and histo-
logical analysis were also excluded (de Vasconcellos et al., 2016;
Fekrazad et al., 2015; Gerbi et al., 2005; Gomes et al., 2015;
Mandi�c et al., 2015). In addition, there were many clinical in-
vestigations that only assessed clinical parameters and did not
report any molecular or cellular findings. Finally, out of 32 related
full texts, 20 studies were included and analyzed in this systematic
review. Among these studies, five articles were in vitro, twelve
studies were in vivo, and three articles were clinical trials.

3.2. Osteogenic markers, angiogenic markers, and growth factors

Nineteen articles investigated osteogenic & angiogenic markers,
and growth factors that consist of five in vitro (Ateş et al., 2017; Chen
et al., 2018; Peat et al., 2017; Saracino et al., 2009; Wang et al., 2016),
and eleven in vivo studies (Table 1) (Fallahnezhad et al., 2018; Kesler
et al., 2011; Magri et al., 2015; Omasa et al., 2012; Park et al., 2015;
Patrocínio-Silva et al., 2014; Sella et al., 2015; Tim et al., 2014, 2015,
2016; Wang et al., 2018), and three clinical trials (Table 2)
(Domínguez et al., 2015; Mozzati et al., 2011, 2012). In two studies,
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser were
applied (Kesler et al., 2011; Peat et al., 2018), and one study used
HeeNe laser (Fallahnezhad et al., 2018); In other studies gallium-
aluminum-arsenide (GaeAleAs) laser used (Ateş et al., 2017; Magri
et al., 2015; Omasa et al., 2012; Park et al., 2015; Saracino et al.,
2009; Sella et al., 2015; Tim et al., 2014, 2015, 2016; Wang et al.,
2016). In addition, one investigation utilized LED array and filtered
lamp for photobiomodulation (Wang et al., 2016). Although wave-
length of the laser irradiation include a wide spectrum from 420 nm
(Wanget al., 2016) to 2940 nm(Kesler et al., 2011),mostof the studies
applied800e830 nm(Ateş et al., 2017;Magri et al., 2015;Omasaet al.,
2012; Sella et al., 2015; Tim et al., 2014, 2015, 2016;Wang et al., 2016).
Three article used pulsedmode of irradiation (Kesler et al., 2011; Peat
et al., 2018; Saracino et al., 2009) and others applied continuouswave
mode. Energy density also encompass a wide range from 1.5 J/cm2
(Ateş et al., 2017) to 1000 J/cm2 (Timet al., 2015);However, inmostof
articles its amountwas less than5 J/cm2 (Ateş et al., 2017;Magri et al.,
2015; Saracino et al., 2009; Tim et al., 2016;Wang et al., 2016). In vitro
studies used pre-osteoblasts, osteoblasts, mesenchymal and adipose
derived stem cells (Ateş et al., 2017; Fallahnezhad et al., 2018; Peat
et al., 2018; Saracino et al., 2009; Wang et al., 2016). All in vivo in-
vestigations used rats as their animalmodel (Chen et al., 2018; Kesler
et al., 2011;Magri et al., 2015;Omasaetal., 2012;Parketal., 2015;Sella
et al., 2015; Tim et al., 2014, 2015, 2016; Wang et al., 2018) and bone
defect at tibia bone was the most common one (Kesler et al., 2011;
Magri et al., 2015; Tim et al., 2014, 2015, 2016). Real time polymer-
ase chain reaction (RT-PCR) was the most frequent type of assess-
ment. Seven studies used immunohistochemistry (IHC) analysis. One
article appliedWestern blot (Park et al., 2015) and two used enzyme-
linked immunosorbent assay (Fallahnezhad et al., 2018; Peat et al.,
2018) and one study used micro array hybridization as their assess-
ment method (Tim et al., 2015). Angiopoietin 2 (ANGPT-2), bone

morphogenetic protein (BMP)�1,�2,�4,�7, Collagen type I (COL1),
fibroblast growth factor (FGF) �2, �3, �5, �7, �14, �15, �17, �22,
osterix (OSX), osteocalcin (OCN), osteopontin (OPN), osteonectin
(Chang et al., 2010, peroxisome proliferators-activated receptor
(PPAR), receptor activator of nuclear factor kappa-В ligand (RANKL),
runt-related transcription factor (RUNX e 2), transforming growth
factor beta (TGF b), insulin-like growth factor (IGF), von Willebrand
factor (vWF), and vasculoendothelial growth factor (VEGF) were
studied in these articles (Ateş et al., 2017; Chen et al., 2018; Kesler
et al., 2011; Magri et al., 2015; Omasa et al., 2012; Park et al., 2015;
Peat et al., 2018; Saracino et al., 2009; Sella et al., 2015; Tim et al.,
2014, 2015, 2016; Wang et al., 2016, 2018). Within these studies,
one study indicated only qualitative findings (Tim et al., 2015). All of
the remaining articles, found at least one positive result with signif-
icant difference between laser treated and control groups (p< 0.05)
(Ateş et al., 2017; Kesler et al., 2011; Magri et al., 2015; Omasa et al.,
2012; Park et al., 2015; Patrocínio-Silva et al., 2014; Peat et al., 2018;
Saracino et al., 2009; Sella et al., 2015; Tim et al., 2014, 2016; Wang
et al., 2016). Clinical trials demonstrated that PBM application
(continuous or super pulsed) at 670 nm and 910 nm can up regulate
RANKL (Domínguez et al., 2015), Col I and III (Mozzati et al., 2011).

3.3. Inflammation mediators

Six articles investigated inflammatory markers that consist of
one in vitro (Peat et al., 2018), three in vivo (Matsumoto et al., 2009;
Tim et al., 2014, 2016), and two clinical studies (Mozzati et al., 2011,
2012). All extracted data were summarized in Table 3. Within these
studies, Nd:YAG laser with pulsed wave mode was applied in one
article (Peat et al., 2018), and GaeAleAs laser with continuouswave
used in others (Matsumoto et al., 2009; Tim et al., 2014, 2016). Two
studies applied 830 nm wavelength (Tim et al., 2014, 2016), one
study utilized 1064 nm irradiation (Peat et al., 2018), and another
one used 735 nm laser (Matsumoto et al., 2009). Energy densities
and time of irradiation were varied among studies (9.77 J/cm2 for
10 s (Peat et al., 2018), 2.8 J/cm2 for 94 s (Tim et al., 2016), 120 J/cm2
for 34 s (Tim et al., 2014), and 16 J/cm2 for 60 s (Matsumoto et al.,
2009)). Wistar rat was the only assessed animal models
(Matsumoto et al., 2009; Tim et al., 2014, 2016) among these arti-
cles. All defects were created in tiabia bone (Matsumoto et al.,
2009; Tim et al., 2014, 2016). Human bone marrow mesenchymal
stem cells (BMMSCs) was investigated in vitro (Peat et al., 2018). IHC
was the most frequent type of assessment (Matsumoto et al., 2009;
Tim et al., 2014, 2016) followed by RT-PCR (Peat et al., 2018).
Cyclooxygenase-2 (COX-2), Heat Shock Protein 90 (HSP90), in-
terferons gamma (IFN-c), interleukin (IL) �1, �4, �6, �8,
�10,�13,�17, macrophage differentiation-associated gene (MMD),
prostaglandin I2 receptor (PTGIR), prostaglandin-endoperoxide
synthase (PTGS-2), and tumor necrosis factor (TNF) were studied
as the inflammation mediators (Matsumoto et al., 2009; Peat et al.,
2018; Tim et al., 2014, 2016). Within these studies, only two studies
reported significant differences in COX-2 expression (Matsumoto
et al., 2009; Tim et al., 2016). Among clinical trials, one study has
shown down regulated level of IL-6 and -10 after laser therapy in
comparison to control groups (Mozzati et al., 2011); whereas the
other one indicated up regulation at the same laser therapeutic
protocol (Mozzati et al., 2012). However, both of them represented
a significant down regulation of IL-1 beta expression in PBM groups
compared to controls (p< 0.05) (Mozzati et al., 2011, 2012).

4. Discussion

PBM has been applied in various field of medicine such as
promoting tissue healing (Posten et al., 2005) and repair (da Silva
et al., 2010), analgesic and anti-inflammatory effects(Woodruff
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Table 1

Impact of photobiomodulation on osteogenic, angiogenic, and growth factors’ expression according to in vitro/in vivo studies.

Authors & year Laser properties and

treatment protocol

Type of

study

Animal

model

Defect type Cell type Method Marker Follow-up

period

Results

Wang YH et al.

(Wang et al.,

2018), 2018

660 nm, GaeAleAs

continuous laser,13.3 J/

cm2, 70mW, 540 s

Irritated 24 h after

surgery, and once daily

for 16 weeks.

In vivo 24 Sprague-

Dawley rats

Critical-sized

calvarial e

7mm

hADSCs IHC vWF, BMP-2, Col I,

OCN

16 weeks 1. Up-regulation of vWF in hADSCs and hADSCs þ Laser

groups in comparison to control (p< 0.05).

2. No significant difference of BMP-2, Col I, and OCN levels

(p> 0.05).

Fallahnezhad S

et al.

(Fallahnezhad

et al., 2018),

2018

632.8 nm, HeeNe laser,

1.2 J/cm2, 3mW, 378 s

Irritation 0, 3, and 7

days after surgery.

In vitro 12 Wistar

rats

e Rat BMMSCs ELISA TGF-beta, IGF-I 7 days Up-regulation of TGF-beta and IGF-I in laser group

compared to control (p< 0.05).

Chen CH et al.

(Chen et al.,

2018), 2018

660 nm, GaeAleAs

continuous laser,13.3 J/

cm2, 70mW, 540 s

Irritated 24 h after

surgery, and once daily

for 16 weeks.

In vivo 24 Sprague-

Dawley rats

Critical-sized

calvarial e

7mm

hADSCs IHC vWF, BMP-2, Col I,

OCN

16 weeks Up-regulation of vWF in hADSCs and hADSCs þ Laser

groups in comparison to control (p< 0.05).

Ates GB et al. (Ateş

et al., 2017),

2017

GaeAleAs, diode red,

1) 635 nm, 0.5 J/cm2,

10 s

2) 635 nm, 1 J/cm2, 20 s

3) 635 nm, 2 J/cm2, 40 s

4) 809 nm, 0.5 J/cm2,

10 s

5) 809 nm, 1 J/cm2, 20 s

6) 809 nm, 2 J/cm2, 40 s

Irritated one dosage

instantly after surgery.

In vitro e e Human

osteoblasts

RT-PCR COL1A, BGLAP 14 days 1. A statistically significant down-regulation of BGLAP was

observedwith a laser dose of 0.5 J/cm2 and to a lesser extent

in 1 and 2 J/cm2 irradiations at both wavelength (p< 0.05).

2.635 nm laser at 2 J/cm2 dose caused up-regulation of

COL1A gene.

3.809 nm laser at 0.5 J/cm2 irradiation did not altered none

of these gene expressions.

4.809 nm laser at 1 and 2 J/cm2 showed a significant

decrease in BGLAP expression at the 14th day (p< 0.05).

5.809 nm laser at 1 and 2 J/cm2 significantly increased

COL1A expression (p< 0.05).

Peat FJ et al. (Peat

et al., 2018),

2017

1) 1064 nm, Nd:YAG

laser, pulsed, 9.77 J/

cm2, 10 s

One dosage and one-

time exposure.

In vitro e e Human BMSCs ELISA VEGF,

TGFb

24 h 1. An increase in VEGF production was seen in irradiated

cells, compared with control cells, at 24 h postirradiation

(p< 0.05). The mean increase in VEGF expression by

irradiated BMSCs was 19.43U greater than VEGF expression

by control BMSCs (p ¼ 0.03241).

2. No significant difference in TGFb production between

control and irradiated BMSCs at 24 h postirradiation

(p> 0.05).

Wang Y et al.

(Wang et al.,

2016), 2016

1) 420 nm, LED array,

16mW, 3 J/cm2, 188 s

2) 540 nm, Filtered

lamp, 16mW, 3 J/cm2,

188 s

3) 660 nm, Diode laser,

16mW, 3 J/cm2, 188 s

4) 810 nm, Diode laser,

16mW, 3 J/cm2, 188 s

Irritated five times over

three weeks.

In vitro e e Human

adipose-

derived stem

cells

RT-PCR RUNX-2, OSX, OCN 7, 14, and 21

days

1. RUNX-2 level of 540 nm light group at all three time

points were higher than 660 nm, 810 nm and control

(p< 0.05).

2. RUNX-2 level of 410 nm light group was higher than

660 nm, 810 nm and control at 7 days (p< 0.05).

3. For gene expression, 540 nm and 410 nm groups had

better effects than 660 nm, 810 nm and control at 21 days

(p< 0.05).

4. For OCN gene expression, at 21 days, 540 group was

better than 660 nm and control groups, and 410 nm group

was better than control group (p< 0.05).

Tim CR et al. (Tim

et al., 2016),

2016

830 nm, GaeAleAs

continuous laser,2.8 J,

30mW, 94 s

Irritation 0, 3, and 7

days after surgery.

In vivo 60 male

Wistar rats

Tibia bone

defect e 3mm

e IHC, RT-PCR VEGF, FGF-14,

FGF-2, FGFBP-1,

ANGPT-2

36 h, 3, and 7

days

IHC

VEGF expression was predominantly observed in the

capillary walls and granulation tissue for both experimental

groups 36 h after the surgery. On days 3 and 7 after surgery,

the immunoexpression of VEGF was identified in the

(continued on next page)
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Table 1 (continued )

Authors & year Laser properties and

treatment protocol

Type of

study

Animal

model

Defect type Cell type Method Marker Follow-up

period

Results

capillary walls, granulation tissue and osteoblastic cells for

experimental and control groups (p< 0.05).

RT-PCR

The inflammatory and angiogenic genes were significantly

up- regulated at 36 h and 3 days after surgery, followed by a

down regulation of the genes on day 7 (p< 0.05).

Tim CR et al. (Tim

et al., 2015),

2015

830 nm, GaeAleAs

continuous laser,

30mW, 1000 J/cm2,

94 s

Irritated 0, 3, 5, and 7

days after surgery.

In vivo 100 male

Wistar rats

Tibia bone

defect e 3mm

e MAH, RT-PCR MAH

BMP1,BMP2,BMP3,

BMP4,BMP7,FGF2,

FGF3,FGF4,FGF5,

FGF7,FGF14,FGF15,

FGF16,FGF22,

RUNX-2,

TGFb2,TGFbi, OCN

qRT-PCR

RPS18, PTGER2,

IL1,ANGPT4,PDGFD,

FGF2

12 h, 36 h, 3

days, 5 days,

7 days

MAH

1. Upregulation of TGF were at 12 and 36 h.

2. Stimulating the expression of BMPs, FGF, and RUNX-2 in

all set points evaluated.

3. OCN was significantly up-regulated on day 3, 5, and 7.

RT-PCR

The expression profiles of the genes tested confirmed the

microarray results.

Sella VRG et al.

(Sella et al.,

2015), 2015

808 nm, GaeAleAs

continuous laser,

0.2W/cm2, 37 J/cm2,

5 s

Irritated daily for 8

days.

In vivo 60 male

Wistar rats

2-mm fragment

of the femoral

shaft

e IHC OCN

OPN

OSN

8, 13, and 18

days

1. Higher expression of OCN in the tissue samples from LLLT

rats (subgroupA1) at day 8 as compared with that from the

control (p ¼ 0.007).

2. Laser treated rats had an anticipation on bone-

remodeling response as compared with control rats.

3. OPN showed the expected behavior (increase on days 8

and 18 (p ¼ 0.033) and decrease on day 13) in both groups

4. Similar expression changes for OSN.

Magri AMP et al.

(Magri et al.,

2015), 2015

808 nm, GaeAleAs

continuous laser,

3.57W/cm2, 33 s

1) 30 J/cm2

2) 60 J/cm2

3) 120 J/cm2

Irritated three times

per week.

In vivo 64 male

Wistar rats

Tibia bone

defect e 2mm

e IHC RUNX-2, RANKL 15, 30 days 1. The irradiated laser groups presented a significant

increase of RUNX-2 expression compared to control on 15th

days (p< 0.001).

2. Thirty days post-surgery, no difference was observed for

RUNX-2 immunoexpression for the experimental groups.

3. RANK-L immunostaining was observed in a similar

pattern for all experimental groups15 days post-surgery.

4. After 30 days, a higher immune expression of RANK-L was

observed in 30 J/cm2 and 120 J/cm2 compared to control

(p ¼ 0.0131 and p ¼ 0.0178, respectively).

Park BJ et al. (Park

et al., 2015),

2015

980-nm, GaeAleAs

diode laser, 13.95 J/

cm2, 0, 1, 2, or 5min

Irritated instantly after

surgery, and once daily.

In vivo 24 male

Sprague

eDawley

rats,

Maxillary first

molars' socket

e RT-PCR,

Western blot

RT-PCR

RUNX-2, COL1,

OCN,

PDGF, VEGF

Western blot

RUNX-2, COL1, OCN

1, 3,4, and 7

days

RT-PCR

1. LLLT increased the expressions of all tested genes in a

time-dependent manner and that the highest levels of gene

expression were in the 5-min group after 7 days (p< 0.05).

2. The increases in the percentages of expression in groups 1

to 4 after 3 days were similar to those after 7 days for each

gene and were 8% ~30%.

3. Col1 showed the highest increase in percentage at about

30% (p< 0.05).

4. There were minor discrepancies of the expression levels

of RUNX-2 and OCN between group 4 after 3 days and

groups 2, 3, and 4 after 7 days (p> 0.05).

5. VEGF showed greater expression after 7 days than 3 days,

with considerably increased expression in the 5-min group

after 7 days (p< 0.05).

6. PDGF-B demonstrated progressive increases in gene

expression as the irradiation time was prolonged and

statistically significant increases in 5min of irradiation after

both 3 and 7 days (p< 0.05).

Western blot

1. LLLT for 5min produces prominent increases in the
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expression levels of all tested proteins after both 3 and 7

days (p< 0.05).

2. RUNX-2 expression after 3 days of LLLT increased in a

time dependent fashion, and the highest expression level

after 3 days was similar to that of after 7 days (p> 0.05).

3. COL1, the increase in percentage after 3 days (99%) was

more than that of after 7 days (86%).

4. The expression levels of VEGF showed a gradual increase

proportionally with irradiation time, and group 4 showed a

significantly greater increase after 7 days (p< 0.05).

The expression of PDGF-B also increased in a time-

dependent fashion, and a 5-min irradiation produced

statistically significant increases in PDGF-B expression after

3 and 7 days (p< 0.05).

Tim CR et al. (Tim

et al., 2014),

2014

830 nm, GaeAleAs

continuous laser, 57W/

cm2, 120 J/cm2, 34 s

Irritated instantly after

surgery, and repeated

every two days.

In vivo 60 male

Wistar rats

Tibia bone

defect e 3mm

e IHC RUNX-2, BMP-9,

RANKL

15, 30, 45

days

1. The labeling for RUNX-2 occurred in both groups equally,

without any significant differences among groups at days 15

and 30 postsurgery.

2. At the last set point evaluated in this study, the

expression of RUNX-2 was significantly higher in laser

treated group than in control (p ¼ 0.0001).

3.15 days postsurgery, similar response to BMP-9 was noted

for both groups, but a significantly higher BMP-9 expression

was observed in laser treated rats when compared to

control ones 30 days postsurgery (p ¼ 0.0171) and no

difference was found in the last experimental period.

4. No statistically significant differences of RANKL were

detected among the groups.

Patrocínio-Silva TL

et al. (Patrocínio-

Silva et al., 2014),

2014

808 nm, continuous

Laser, 120 J/cm2, 33 s

Irritated three times

per week.

In vivo 30 male

Wistar rats

Tibia bone

defect e 3mm

e IHC RUNX-2,

RANK-L

6 weeks 1. In the untreated diabetic rats, a weak RUNX-2

immunoexpression was detected. The diabetic laser-treated

animals presented a strong positive RUNX-2

immunoexpression.

2. In the control group, RANK-L immunopositive cells were

detected in bone tissue. In the laser treated rats, the same

picture occurred, i.e., positive RANK-L immunoexpresssion

was observed.

Saracino S et al.

(Saracino et al.,

2009), 2009

904e910 nm,

GaeAleAs Pulsed laser,

30 KHz, 200mW/cm2,

6.7 J/cm2, 5min

Irritated once daily for 5

days, then every two

days till 20th days.

In vitro e e MG-63 RT-PCR BMP-4, BMP7,

OCN, PPARa,

PPARg,

TGF-b2, COL1

4, 10, and 20

days

1. In laser-treated cells, the TGFb2 mRNA content was

higher on days 10 and 20 (þ30%, þ40% vs. controls),

whereas it was similar on day 4.

2. OCN, in laser-treated cells, was higher than in control

cells only at day 10 (þ60%) (p> 0.05).

3. COL1 showed significant changes on days 10 and 20

(þ109%, þ58% vs. controls) (p< 0.05).

4. As regards BMPs, a significant increase in laser-treated

cells was evident inBMP-4 mRNA only on day 20 (þ44%vs.

control) (p< 0.05); whereas BMP-7 was induced on both

day 10 and day 20, the larger increase being on day 10

(þ50% vs. control) (p< 0.05).

5. PPARa and g mRNA contents increased in laser-treated

cells at day 10 in comparison with control cells, although

the increase in PPARg was larger (90% vs. 25% of PPARa)

(p< 0.05).

Omasa S et al.

(Omasa et al.,

2012), 2012

830 nm, GaeAleAs

diode continuous laser,

200mW, 195 J/cm2,

135sec

Irritated instantly after

surgery, and once daily.

In vivo 30 male

Sprague-

Dawley rats

Implant

placement

e RT-PCR BMP-2 1,3,5, and 7

days

1. BMP-2 gene expression was 1.92-fold higher in the LLLT

group than in the control group (p< 0.05) as early as 1 day

after LLLT.

2. No significant difference in BMP-2 expression was

observed between groups on days 3, 5, and 7.

(continued on next page)
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Table 1 (continued )

Authors & year Laser properties and

treatment protocol

Type of

study

Animal

model

Defect type Cell type Method Marker Follow-up

period

Results

Kesler G et al.

(Kesler et al.,

2011), 2011

2940 nm, Er:YAG

Pulsed laser, 8W/cm2,

32 J/cm2, 50 Hz, 500

e1000 mJ/pulse, 10e15

pulses

Defect created by laser

irradiation.

In vivo 56 male

Wistar rats

2-mm crater

depth in Tibia

e IHC PDGF 2, 4,8, and 14

days

1. After 2 days, the PDGF staining scores were very low for

laser treated and control groups.

2. In the laser group, PDGF levels started to rise from the

third day, reached a peak on day 4, and remained high for

the rest of the study period (day 14).

3. The variability of the PDGF staining intensities (0e3�), as

an ordinal dependent variable, was examined against the

type of the rat (laser vs control group) and the day of

sacrifice. Type of rat was found to be a significant predictor

(P ¼ .000011).

*abbreviations: ANGPT-2: Angiopoietin 2, BGLAP: bone GLA protein (*also known as osteocalcin), BMSCs: bone marrowmesenchymal stem cells, cm: centimetre, COL1: Collagen type I, FGF: fibroblast growth factor, GaeAleAs:

gallium-aluminium-arsenide, h: hour, hADSCs: human adipose derived stem cell,IHC: immunohistochemistry, J: joule, LLLT: low level laser therapy, MAH: micro array hybridization, min: minute, mW: milliwatt, Nd:YAG:

neodymium-doped yttrium aluminium garnet, nm: nanometer, OSX: osterix, OCN: osteocalcin, OPN: osteopontin, OSN: osteonectin, PPAR: peroxisome proliferators-activated receptor, RT-PCR: realtime polymerase chain

reaction, sec: second, TGF: transforming growth factor, VEGF: vasculoendothelial growth factor, vWF: von Willebrand factor.

Table 2

Impact of photobiomodulation on biological markers in clinical investigations.

Authors & year Laser properties and treatment

protocol

Type of study Sample size Therapeutic type/

site

Method Marker Follow-

up

period

Results

Dominguez A et al.

(Domínguez

et al., 2015),

2015

670 nm, diode laser, 6.37W/

cm2, 200mW, 9min

Irritated one dosage instantly

after surgery, and 1, 2, 3, 4, and

7 days postoperatively.

Clinical trial 10 - systematically

healthy

Orthodontic tooth

movement/maxilla

ELISA RAKL, OPG 45 days 1. Up-regulation of RANKL level in CGF after two days in

laser group compared to controls (p< 0.05).

2. Up-regulation of RANKL/OPG ratio in CGF after two

days in laser group compared to controls (p< 0.05).

Mozzati M et al.

(Mozzati et al.,

2012), 2012

904e910 nm, Superpulsed

gallium arsenide laser, 30 kHz,

200W/cm2, 180 J/cm2,

200mW, 15min

Irritated one dosage instantly

after surgery, and 3 and 5 days

postoperatively.

Clinical trial e split

mouth designed

12 e hepatic failure Extracted tooth

socket e Alveolar

bone (mandible/

maxilla)

RT-PCR IL-1 beta, IL-6, IL-10,

TGF-2, COX-2, BMP -4,

BMP -7, PPAR, Col I, Col

III

7 days 1. Down-regulation of IL-1 beta on day 7 between laser

and control groups (p< 0.05).

2. Up-regulation of IL-6 and IL-10 on day 7 between

laser and control groups (p< 0.05).

3. No significant difference of TGF-2, COX-2, BMP -4,

BMP -7, PPAR, and Col I levels between laser and control

groups (p> 0.05).

Mozzati M et al.

(Mozzati et al.,

2011), 2011

904e910 nm, Superpulsed

gallium arsenide laser, 30 kHz,

200W/cm2, 180 J/cm2,

200mW, 15min

Irritated one dosage instantly

after surgery, and 3 and 5 days

postoperatively.

Clinical trial e split

mouth designed

10 - systematically

healthy

Extracted tooth

socket e Alveolar

bone (mandible/

maxilla)

RT-PCR IL-1 beta, IL-6, IL-10,

TGF-2, COX-2, BMP -4,

BMP -7, PPAR, Col I, Col

III

7 days 1. Down-regulation of IL-1 beta, IL-6, IL-10, and COX-2

on day 7 between laser and control groups (p< 0.05).

2. Up-regulation of Col I and III on day 7 between laser

and control groups (p< 0.05).

3. No significant difference of TGF-2, BMP -4, BMP -7,

and PPAR levels between laser and control groups

(p> 0.05).

*abbreviations: BMP: bone morphogenetics protein, Col: Collagen, cm: centimetre, COX-2: cyclooxygenase-2, ELISA: enzyme-linked immunosorbent assay, GCF: gingival crevicular fluid, IHC: immunohistochemistry, IL:

interleukin, J: joule, min: minute, mW: milliwatt, nm: nanometer, OPG: osteoprotegerin, PPAR: peroxisome proliferator activated receptor, sec: second, RANKL: receptor activator of nuclear factor KB ligand, RT-PCR: realtime

polymerase chain reaction, TGF: transforming growth factor.
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Table 3

Impact of photobiomodulation on inflammatory mediators’ expression according to in vitro/in vivo studies.

Authors & year Laser properties

and treatment

protocol

Type of

study

Animal

model

Defect type Cell type Method Marker Follow-up

period

Results

Peat FJ et al. (Peat

et al., 2018),

2017

1064 nm, Nd:YAG

Pulsed laser, 9.77 J/

cm2, 10 s

Irritated one dosage

instantly after

surgery.

In vitro e e Human

BMSCs

RT-PCR IL-1,-1b, �4, �6,

�8, �10,-13, �17a,

TNF, IFN-c, HSP90

24 h 1. No significant differences were found between irradiated and

control BMSCs in the expression of the 10 analyzed cytokine genes

at either 6 or 24 h post irradiation (p> 0.05).

2. No significant difference in HSP90 expression between irradiated

and control BMSCs at either 6 or 24 h post irradiation (p> 0.05).

Tim CR et al. (Tim

et al., 2016),

2016

830 nm, GaeAleAs

continuous laser,

2.8 J, 30mW, 94 s

Irritated one dosage

instantly after

surgery, and once

daily for 7 days.

In vivo 60 male

Wistar rats

Tibia bone

defect e

3mm

e IHC, RT-PCR COX-2,

PTGIR,

PTGS-2,

MMD,

IL-18,

IL-1

36 h, 3, and

7 days

IHC

1. In the first and second experimental periods, COX-2 expression

was predominantly detected in granulation tissue for both groups.

Seven days post-surgery, for control group, the immunoreactivity of

COX-2 was mainly observed in granulation tissue.

2. On three and seven days, significant difference were observed

between laser treated and control groups (p< 0.05).

RT-PCR

1. The inflammatory were significantly up- regulated at 36 h and 3

days after surgery, followed by a down regulation of the genes on

day 7.

Tim CR et al. (Tim

et al., 2014),

2014

830 nm, GaeAleAs

continuous laser,

57W/cm2, 120 J/

cm2, 34 s

Irritated one dosage

instantly after

surgery, and every

two days for 45

days.

In vivo 60 male

Wistar rats

Tibia bone

defect e

3mm

e IHC COX-2 15, 30, 45

days

1. Similar findings for COX-2 immunoexpression were observed in

both groups at the different experimental periods analyzed

(p> 0.05).

Matsumoto MA

et al.

(Matsumoto

et al., 2009),

2009

735 nm, GaeAleAs

continuous laser,

16 J/cm2, 1min

Irritated one dosage

24 h after surgery,

and every two days

for 21 days.

In vivo 48 male

Wistar rats

Tibia bone

defect e

5mm

e IHC COX-2 2, 7, 14, and

21 days

1. After 2 days of surgery, COX-2 immunoreactivity could be seen in

the central region of the lesion in rats of the control group. A similar

pattern occurred in the group treated with low-level laser.

2. After 7 days, COX-2 immunoexpression could be seen in the

granulation tissue in the control group, whereas COX-2 was

positively detected in the surrounding bone tissue in the rats

exposed to laser.

3. This wasmore evident on the 14th day, either in the control group

or in the laser-exposed group.

4. Twenty-one days after the surgery, the control group and the

group treated with laser showed COX-2 expression in some cells of

the bone marrow.

*abbreviations: BMMSCs: bone-marrow mesenchymal stem cells, cm: centimetre, COX-2: cyclooxygenase-2, GaeAleAs: gallium-aluminium-arsenide, h: hour, HSP90: Heat Shock Protein 90, IFN: interferons, IHC: immu-

nohistochemistry, IL: interleukin, J: joule, MMD: macrophage differentiation-associated gene, min: minute, mW: milliwatt, Nd:YAG: neodymium-doped yttrium aluminium garnet,nm: nanometer, sec: second, RT-PCR: realtime

polymerase chain reaction, TNF: tumor necrosis factor.
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et al., 2004), and acceleration of regenerative processes (Posten
et al., 2005) for the last decades. Previous studies demonstrated
that PBM inducing mitochondrial respiration (Karu et al., 1999),
promoting cell proliferation, and altering cellular regulatory pro-
teins (Buravlev et al., 2015; Stein et al., 2005). In addition, in bone
regeneration, PBM can promote secretion of various growth factors,
expression of osteogenic genes, osteodifferentiation of stem cells,
and inducing osteoblasts (F�avaroePípi et al., 2011; Wu et al., 2012).
However, there are many parameters of PBM such as wavelength
(Chung et al., 2012), energy density, and irradiance (Huang et al.,
2009, 2011) influencing its therapeutic outcome. The future of
laser therapies in bone regenerative medicine is dependent on
having a better understanding of the points gathered from in vitro,
in vivo laboratory studies, and primary clinical trials that can guide
future clinical investigations and develop current treatment stra-
tegies. In the current study, we aimed to systematically reviewed
application of PBM on bone regeneration among in vitro and in vivo

studies which evaluated molecular alterations.

4.1. Osteogenic factors

Several signaling pathways participate in bone formation as a
complicated process (Hoffmann and Gross, 2001; Yang et al., 2015).
In osteoblastic differentiation pathway, transcription factors such
as RUNX-2 and OSX initiate this process. RUNX -2 play a pivotal role
on regulatory mechanism in osteogenic differentiation (McGee-
Lawrence et al., 2013) and expression of OSX in RUNX -2 express-
ing precursors stimulates osteoprogenitor cells to differentiate into
functional osteoblasts and osteocytes during bone formation (Zhou
et al., 2010; Zhu et al., 2011). Among the reviewed studies, six of
them assessed effect of laser irradiation on RUNX -2 expression
(Magri et al., 2015; Park et al., 2015; Patrocínio-Silva et al., 2014;
Tim et al., 2014, 2015; Wang et al., 2016). In all studies, laser
treated group showed higher expression of RUNX -2 which indi-
cated the potential impact of laser therapy on initiating the bone
formative processes. All of these articles had control groups
without laser irradiation. This finding has been confirmed by RT-
PCR (Wang et al., 2016), IHC analysis (Magri et al., 2015), micro
array hybridization (Tim et al., 2015) and Western blot (Park et al.,
2015). One of the major limitations of these research articles seems
to be the dearth of sufficient sample size. In fact, none of them
reported the method for sample size calculation.

Wang et al. (2016) in 2016 represented that between various
wavelength of laser irradiation (420 nm, 540 nm, 660 nm, and
810 nm) with the same physical and application properties, 540 nm
LED array increased RUNX -2 expression more significantly after 7,
14, and 21 days application on human adipose-derived stem cells.
Magri et al. (2015) in an in vivo experiment showed that there is no
significant difference between laser treated groups via various
energy densities (30, 60, 120 J/cm2) and the expression of RUNX -2.
This finding did not observe in other evaluated marker (RANKL). In
another in vivo investigation (Park et al., 2015), results indicated the
impact of PBM’ duration on RUNX -2 expression levels. It has been
shown that 5min application of PBM resulted in the highest level of
RUNX -2 gene expression after seven days in comparison with
lesser treatment duration. OSX has been assessed in one study
(Wang et al., 2016). It seems that this transcription factor affect end
stage of osteoblasts as a downstream of RUNX -2 (Sinha and Zhou,
2013). Wang et al. represented better OSX gene expression with
540 nm LED array at 21 days after bony defect creation in rat model
(Wang et al., 2016).

RUNX -2 and OSX upregulate transcription of OCN, COL 1, OPN
by binding promoters of their osteoblast specific genes (Ducy et al.,
1997; Sinha and Zhou, 2013). OCN is a pro-osteoblastic regulatory
factor in bone formation (Karsenty and Oury, 2014). This factor has

been studied in six studies (Ateş et al., 2017; Park et al., 2015;
Saracino et al., 2009; Sella et al., 2015; Tim et al., 2015; Wang
et al., 2016). All studies except one (Ateş et al., 2017), reported
upregulation of OCN gene expression after PBM application in
comparison to untreated group (control). To the contrary, Ates et al.
in 2017, represented that application of GaeAleAs laser (809 nm
wave length; 0.5, 1, and 2 (J/cm2) energy density) and 635 nm for
10, 20, 40 s on human osteoblasts significantly down regulated the
expression of OCN according to energy density (p< 0.05). This
discrepancy may occur since Ates's study is an in vitro investigation
and three other studies (Park et al., 2015; Sella et al., 2015; Tim
et al., 2015) are in vivo. In the other in vitro study (Wang et al.,
2016), similar wave length (660 nm and 810 nm) were utilized;
However, their energy density (3 J/cm2), treatment duration
(188 s), and type of cells (Human adipose-derived stem cells) were
different from aforementioned study. It seems that extended en-
ergy density and period of treatment can positively alter their
findings from a down regulation in one (Ateş et al., 2017) to up
regulation in another (Wang et al., 2016). Moreover, Saracino et al.
(2009) used pulsed wave Gallium Arsenide laser (904e910 nm,
pulse width 200 ns, 30 KHz, 200mW/cm2, 6.7 J/cm2, 5min) on pre
osteoblastic cells (MG-63). They showed that OCN expressed 60%
higher in laser treated group compared to control. Hence, it can be
concluded that PBM administration has an up regulatory impact on
OCN expression.

Collagen type I is the most frequent type observed in extracel-
lular matrix of bone tissue (Ferreira et al., 2012). Expression of COL
1 evaluated in three studies (Ateş et al., 2017; Park et al., 2015;
Saracino et al., 2009). All studies showed significant higher
expression of COL 1 after therapy with continuous (Ateş et al., 2017;
Park et al., 2015) or pulsed wave (Saracino et al., 2009). Ates et al.
(Ateş et al., 2017) reported better results for 635 nm, 50mW, which
has a positive relation with the time of application and energy
densities. In addition, clinical trials in healing alveolar bone showed
a significant increase in Col I and III expression after PBM applica-
tion at 910 nm super pulsed gallium arsenide laser (Mozzati et al.,
2011, 2012).

OPN plays a role in bone remodeling by helping osteoclasts to
anchoring to the mineral matrix (Reinholt et al., 1990). OSN as a
matrix glycoprotein acts in cellular interactions, collagen binding,
and hard tissue mineralization (Young et al., 1992). Both of these
osteogenic factors has been observed by Sella et al. in 2015 (Sella
et al., 2015). They observed a significant increase for OPN and
OSN at early stage of bone formation (before 13th day); However,
the expression decreased at the next time point (18th day). They
suggested that due to the early role of these factors in bone for-
mation, laser therapy can ameliorate bone healing especially at
initiative stages due to they perpetuated laser application during
the follow up time.

BMP/Smad signaling pathway is another routes that seems to
energy density by laser irradiation (Hirata et al., 2010). This
pathway regulates mesenchymal stem cell differentiation during
development, newly bone formation, healing, and homeostasis
(Wu et al., 2016). In four studies, BMP -1, �2, �3, �4, �7, and �9
were evaluated (Omasa et al., 2012; Tim et al., 2015). Tim et al. in
2015 (Tim et al., 2015) and 2014 (Tim et al., 2014) reported higher
qualitatively expression of BMP-1, -2, -3, -4, -7 and -9 by micro
array hybridization method which was confirmed by RT-PCR after
seven days. However, Omasa at al (Omasa et al., 2012). indicated
significant higher expression of BMP 2 only one day after surgery
and there was no statistical significant difference between laser
treated and untreated groups. These studies applied 830 nm
continuous GaeAleAs diode laser; however, their energy densities
and treatment protocol different. In fact, immediate exposure after
surgery represented better results.
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RANKL is a transmembranemember of the tumor necrosis factor
superfamily, involved in bone tissue remodeling via acting on
activation and differentiation of osteoclasts (Baharuddin et al.,
2015). Magri et al. found significant higher expression of RANKL
after 808 nm, GaeAleAs laser therapy for 33 s in rats. However, in
another similar investigation (Tim et al., 2014), the comparison
between laser treated and untreated groups were not significantly
different. The only varied parameter between these studies was
energy density rate (3.57W/cm2 vs. 57 W/cm2) which can explain
the controversy. Moreover, one clinical trials demonstrated that
RANKL up regulated after diode laser therapy in gingival crevicular
fluid (Domínguez et al., 2015). In this study, PBM was applied in
order to facilitate orthodontic tooth movement in maxilla. Ac-
cording to the biological effect of RANKL in bone remodeling and
the importance of bone remodeling in tooth movements, beneficial
impacts of PBM can be explained.

4.2. Angiogenic factors

Vascularization is a key component of bone regeneration. In fact,
it can restrict bone repair approaches (Hankenson et al., 2011).
Thus, finding alternative therapies that can ameliorate angiogen-
esis is an attractive subject for researchers. In this regard, PBM can
non-invasively increase neovascularization in various tissues (Cury
et al., 2013; Tim et al., 2016). Three studies investigated the effect of
PBM on VEGF (Park et al., 2015; Peat et al., 2018; Tim et al., 2015)
and two of them (Tim et al., 2015, 2016) assessed ANGPT-2 as
signaling molecules for angiogenesis. Peat et al. applied 1064 nm
Nd:YAG pulsed laser on human mesenchymal stem cells and
showed a significant increase in VEGF production in comparison to
control cells after 24 h. In 2016, 2015, Tim et al., 2015, 2016 indi-
cated an enhancement of VEGF and ANGPT-2 at early stages of bone
healing (after 36 h). Park et al. (2015) reported a time-dependent
manner for expression of VEGF after 980-nm GaeAleAs diode
laser for 1, 2, and 5min applications. In addition, Wang et al. (2018)
and Chen et al. (2018) in 2018 showed that 660 nm Gaa-AleAs laser
can increase vWF expression in hADSCs after 16 weeks compared
with controls.

4.3. Other biological factors

Osteoinductive exogenous growth factors have been utilized for
bone tissue engineering with promising results (Kitaori et al., 2009;
Komaki et al., 2006; Lieberman et al., 2002; Stevenson et al., 1994;
Wulsten et al., 2011). Nonetheless, finding a way to promote
endogenous growth factors can be more efficient for bone healing.
Previous studies showed promoting effect of PBM on various
growth factors (de Freitas and Hamblin, 2016). TGF-b is a strong
stimulator of collagen production, inducing the expression of
extracellular matrix components and inhibiting its degradation by
inhibiting matrix metalloproteinases (MMPs). Expression of TGF-b
was assessed in three studies (Peat et al., 2018; Saracino et al., 2009;
Tim et al., 2015). Although one of them reported no significant ef-
fect for laser irradiation (Peat et al., 2018), the others indicated
significant upregulation of its expression (Saracino et al., 2009; Tim
et al., 2015). This controversy can explain by the different applied
laser (Nd:YAG vs. GaeAleAs laser). In fact, GaeAleAs laser repre-
sented statistically significant up regulation of TGF-b in comparison
to untreated group.

PDGF increases the expression level of VEGF in mural cells and
stimulates fibroblasts to produce and secrete collagenases, which
are essential for cell migration in angiogenesis (Heldin and
Westermark, 1999). PDGF was reported to positively affect vessel
formation and ultimately bone formation (Chang et al., 2010).
Despite of many other factors, studies showed a delayed

upregulation of PDGF after laser therapy (Kesler et al., 2011; Park
et al., 2015; Tim et al., 2015). It seems this effect mimic this mole-
cules function in bone healing process.

FGFs is known to be a potent mitogen and chemoattractant for
endothelial cells and fibroblasts, as well as accelerating the for-
mation of granulation tissue and to induce re-epithelization. This
factor is not related to bone regeneration as much as other factors.
However, Tim et al. investigated it as related factor in bone healing
process by two different studies (Tim et al., 2015, 2016). Their
findings represented the positive effect of PBM on expression of
these factors.

4.4. Inflammation mediators

COX is a terminal molecule in an electron transferring chain
from cytochrome c to O2. PBM intensifies ATP, cyclic adenosine
monophosphate, and reactive oxygen species (Bayat et al., 2018). It
has been shown that PBM increases the electrons' availability in
catalytic center of COX. Among reviewed articles, three studies
measured expression of COX -2 by IHC analysis (Matsumoto et al.,
2009; Tim et al., 2014, 2016). Although in one study similar ex-
pressions were observed in irradiated and control groups at 15, 30,
45 days after surgery (Tim et al., 2014), two other articles repre-
sented higher expression of COX -2 especially first days after sur-
gery (Matsumoto et al., 2009; Tim et al., 2016). This controversy
may occurred since the long period of follow up in Tim et al. study,
2014 (Tim et al., 2014). It has been suggested that expression of COX
-2 can be beneficial for bone healing. In early stage of bone for-
mation, COX -2 is associated with the maturation of osteoblasts and
modulating differentiation genes (Forwood, 1996; Sato et al., 1997;
Zhang et al., 2002). In addition the other hand, inflammatory me-
diators such as IL-1ra, IL-1b, IL-4, IL-6, IL8, IL-10, IL-13, IL-17a, TNF,
IFN-c, HSP90, PTGIR, PTGS-2, MMD, and IL-18 were studied in two
articles (Peat et al., 2018; Tim et al., 2016). Nevertheless, none of
them found any significant relation between PBM and their
expression. In clinical trials, IL-1 beta secretion was prevented by
PBM application that may explain PBM's impact on reducing the
inflammation (Mozzati et al., 2011, 2012). However, included clin-
ical trials showed controversial findings regarding IL-6 and IL-10.
These ILs act as anti-inflammatory cytokines and are beneficial
for bone healing (Chang and Bistrian,1998; Opal and Depalo, 2000).

5. Conclusions

Based on the studies evaluated here, PBM administration
demonstrated promising results for bone tissue regenerating pro-
cesses. PBM can up regulate numerous osteogenic factors, angio-
genic factors, growth factors, and inflammation mediators that
facilitate bone formation. PBM significantly increased the expres-
sion of OCN, RUNX-2, BMP-2, -9, COX-2 via 830 nm, GaeAleAs
laser. In addition, 635 nm, GaeAleAs laser and 809 nm, GaeAleAs
laser induced significantly higher expression of OCN, Collagen type
I, and RUNX-2. PBM by 1064 nm and Nd:YAG laser significantly
increased VEGF expression. These effects depend on many pa-
rameters which energy density is more important than the others.
Although since the heterogeneity of the studies and their limita-
tions, an evidence-based decision for definite therapeutic applica-
tion of PBM is still unattainable, the findings of our review can help
other researchers to ameliorate their study design and elect more
efficient approach for their investigation.
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