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ABSTRACT

This article reviews the progress of research on the modulation of the biological effects of low-level laser therapy
(LLLT) on Mesenchymal stem cells (MSC) and the influence of the basic LLLT parameters and irradiation scenarios. A
thorough search of the literature in the PubMed, Web of Science and Embase databases, including articles published
in peer-reviewed journals, was conducted to collect relevant information on LLLT and MSCs. A comprehensive
search of PubMed, Web of Science, and Embase databases was performed using the keywords “Low level laser,”
“mesenchymal stem cells,” “ cell proliferation,” and “osteogenic differentiation.” The search was limited to studies
published in English between 2009 and 2022, including in vitro and in vivo studies. LLLT has the potential to promote
MSC proliferation and osteogenic differentiation, with significant applications in bone tissue engineering. Factors
that influence the biological effects of LLLT on MSC include cell type, culture medium, duration of irradiation, the
frequency of laser irradiation, irradiation spot size, and type of light flux distribution. The limitations of this review
include heterogeneous experimental conditions and the inability to design experiments that consider all influencing
factors simultaneously.

Keywords: Cell proliferation; low level laser; mesenchymal stem cells; osteogenic differentiation

ABSTRAK

Artikel ini mengkaji kemajuan penyelidikan mengenai modulasi kesan biologi terapi laser peringkat rendah
(LLLT) pada sel stem mesenkima (MSC) dan pengaruh parameter LLLT asas dan senario penyinaran. Pencarian
teliti kepustakaan dalam pangkalan data PubMed, Web of Science dan Embase, termasuk artikel yang diterbitkan
dalam jurnal semakan rakan sebaya, telah dijalankan untuk mengumpul maklumat yang berkaitan tentang LLLT dan
MSC. Carian komprehensif pangkalan data PubMed, Web of Science dan Embase telah dilakukan menggunakan
kata kunci ‘laser tahap rendah’, ‘sel stem mesenkima’, ‘percambahan sel’ dan ‘pembezaan osteogenik’. Pencarian
terhad kepada kajian yang diterbitkan dalam bahasa Inggeris antara 2009 dan 2022, termasuk kajian in vitro dan in
vivo. LLLT berpotensi untuk menggalakkan percambahan MSC dan pembezaan osteogenik dengan aplikasi penting
dalam kejuruteraan tisu tulang. Faktor yang mempengaruhi kesan biologi LLLT pada MSC termasuk jenis sel, medium
kultur, tempoh penyinaran, kekerapan penyinaran laser, saiz tempat penyinaran dan jenis taburan fluks cahaya.
Kekangan dalam ulasan ini termasuk keadaan uji kaji heterogen dan ketidakupayaan untuk mereka bentuk uji kaji
yang mempertimbangkan semua faktor yang mempengaruhi secara serentak.

Kata kunci: Laser tahap rendah; pembezaan osteogenik; percambahan sel; sel stem mesenkima

INTRODUCTION applications in regenerative medicine. This review

This narrative review discusses the current knowledge focuses on different types of MSCs, LLLT parameters,

of the role of LLLT in MSC regulation and its potential ~ c¢ll culture conditions, and biological effects. In 1967,
Endre Mester (Mester, Szende & Géirtner 1968), a
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Hungarian physician, first suggested the potential of
low-level lasers on biological tissues, and since then,
interest in low-level laser therapy (LLLT) applied to
mesenchymal stem cells has been aroused. Mesenchymal
stem cells (MSC) exhibit 2 fundamental characteristics:
self-renewal and differentiation, which are considered
to be important factors influencing the cellular therapy
and process of inducing osteogenic differentiation (Han
et al. 2019; Marques et al. 2016). It was because MSC
could be separated from the tissue of teeth that this
event was a major advancement not just for regenerative
stomatology but also for the whole field of regenerative
medicine (Fageeh 2021). LLLT refers to the regulation
of biological functions of tissues or cells through specific
photoelectric effects after exposure to low light (Migliario
et al. 2018). LLLT has been demonstrated to affect
MSC biological effects in vitro and in vivo in several
aspects, including proliferation rates, cell migration
movements, and cytoskeletal alterations (Yin et al.
2017). However, the different LLLT parameters chosen
in various studies have led to inconsistent conclusions
about the modulation of LLLT on the biological effects
of MSC, either positively or negatively (Min et al. 2015;
Yuan et al. 2017). In particular, the positive regulatory
effect of LLLT on the MSC is gaining more and more
attention in the field of oral regenerative medicine. The
available research material is unconvincing and hinders
the standardization of LLLT applications to MSC.

METHODS

LITERATURE SEARCH STRATEGY

A comprehensive literature search was conducted in
PubMed, Web of Science and Embase databases to
identify relevant articles published from 2009 to 2022.
The search strategy employed combinations of the
following keywords: ‘low-level laser therapy’, ‘low-level
light therapy’, ‘photobiomodulation’, ‘mesenchymal
stem cells’, ‘mesenchymal stromal cells’, ‘MSCs’,
‘bone marrow-derived mesenchymal stem cells’,
‘adipose-derived stem cells’, ‘dental pulp stem cells’,
‘proliferation’, ‘differentiation’, ‘osteogenesis’.

INCLUSION AND EXCLUSION CRITERIA

Studies were included if they met the following
criteria: (1) Original research articles published in
English; (2) Studies that examined the interaction
between LLLT and MSCs in vitro or in vivo; (3) Studies
that reported LLLT parameters, MSC types, and culture
conditions.

Exclusion criteria were: (1) Review articles, case
reports, and conference abstracts; (2) Studies that
did not provide detailed LLLT parameters or MSC
information; (3) Studies that focused only on the effects
of LLLT on other cell types or only on the effects of MSCs
without LLLT treatment.

DATA EXTRACTION AND ANALYSIS

Two independent reviewers extracted data from the
included studies using a standardized form. The
disagreements between the 2 reviewers have been
discussed and negotiated, and the third reviewer makes
the final decision. The extracted data included the
following information: study type, LLLT parameters,
MSC type, culture conditions, and main outcomes. The
extracted data were then analyzed and synthesized
to provide a comprehensive review of the LLLT-MSC
interaction.

REVIEW-DISCUSSION
EFFECT ON THE BIOLOGICAL EFFECTS OF MSC
CELLULAR PROLIFERATION

The results of the experimental studies showed that
LLLT could promote the proliferation of MSC. In
experiments with animal cells, some scholars (Min et
al. 2015) treated MSCs cultured in vitro with LLLT and
subsequently transplanted them into rats and found that
LLLT promoted MSC proliferation not only in vitro but
also in vivo. In experiments with human cells, it was
noteworthy that LLLT promoted MSC proliferation in
association with cell cycle alterations (Cavalcanti et al.
2015). LLLT induced a transition from G0/G1 phase cells
to the G2/M phase, leading to rapid cell proliferation
of MSC, and the level of transition increased with
increasing LLLT energy density. However, some studies
have shown that inappropriate LLLT has adverse effects
on MSC, such as inhibition of cell proliferation and
induction of apoptosis, which may be related to increased
reactive oxygen species (ROS) production and DNA
damage in MSC (Yuan et al. 2017). In conclusion, the
effect of LLLT on MSC proliferation is influenced by a
variety of factors.

OSTEOGENIC DIFFERENTIATION AND MINERALIZATION

The differentiation of MSC into osteoblasts is an important
guarantee of osteogenesis for bone regeneration. The
mineralized nodule is an important biologic marker of
the later stages of MSC osteogenesis. In experiments



with animal cells, it is well known that osteogenesis
is impaired in MSCs obtained from the bone marrow
of ovariectomized rats (OVX-BMSC). However,
Fallahnezhad et al. (2020) reported that LLLT also
still promoted the formation of mineralized nodules
in OVX-BMSC during osteogenesis induction. In
experiments with human cells, the results of Zhang et
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al. (2018) showed that LLLT on the osteogenic induction
base promoted osteogenic differentiation of MSC and
produced mineralized nodules; alizarin red staining
showed that the number of mineralized nodules produced
by MSC in the LLLT group was significantly higher than
that in the osteogenic inducer group alone.

Records removed before
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Duplicate records removed
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Records marked as
ineligible by automation
tools (n=0)

Records excluded
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(1) review articles, case
reports, and conference
abstracts;

(2) studies that did not
provide detailed LLLT
parameters or MSC
information;

(3) studies that focused only
on the effects of LLLT on
other cell types or only on the
effects of MSCs without
LLLT treatment.

FIGURE 1. PRISMA flow diagram on the outcomes of the search strategy



uonerojijord

({0
%G Jururejuod

PpaseaIoul 10se] pal J10jeqnout
[9A[-MO] JO SISOP payipruny
MO[ JBY]) PUNOJ pue BUI D, LE IR
S[[90 WIS MOLIBW Kep ouo 10J
auoq Sop uo pajeqnour pue
uopjeIpeLIl JOse] JO 11OM/S[199 #,01
1091J0 oY) pajen|eAd Jo Ayisuap e je
Aprys oy [, "s[[o0 Lo (o soyerd 190101
WS [BWAYOUISIW 870’0 Sem BaIe /L T1)S 060} JelJ Ul uwnjod
Jo uonerdijord UOT)O9S-SSOIO (dnoi3 jonuod)  yoed uI S[OM (OsSwga)
pue AjIqera oy} Jose[ par Sy yous 1ase[ Ay S () Wolj XIS JO SUWN[0O Lo S[[90 wWo)s
pajooge Ajoanisod  9[qISIA ‘Wedq  pue ;WO §¢°( paLIeA owr) ur payerd /L T1 pue ‘01 syuowIodxo molrewt (s102) 1B
10S] POl [OAQ[-MO]  sSnonunuo) sem eorejods  poyroadsjoN  ainsodxo [ejo], Q10M S[[0) MW 05 OV Ty wu )99 o414 uy auoq Soq 19 IJUBD[BARD
sardesoy
paseqDSING
amyny ur sqg1
Jo uoneorjdde
oy 10 spyIisur
jueyodwr opraoxd
Kew sSurpuy 9soy [,
a8ewep YN( pue
uononpold SOY
PaseaIoul YIm
pajeroosse oIe 700 %S
yoryMm ‘sOSING ut Jo aroydsoune
sisojdode poonpur payrpruuny
pUE ‘UONENUAIYIP BULD, L0
01U9309)S0 PAJIqIYUI paurejurewr (sDSING)
‘uoneayijoxd [[oo uu ‘sonoiquue pue S[[99 Wa)s
payqryur 1y3sI| 09 PuE ‘Ul SEJ %01 yIM [ewAyouesaw
adenq ey 0€ ‘U O] pajuswolddns PIALIdP (L102)
pajensuowop Apn}g  poyroads JoN  poyradsioN  payadsjoN ‘uiw G ‘urw | INAINA JUO/MUW 07 AUO/[ 71 wu (L o1 uy -MOLIBW oUOg  ‘[B 10 UBNL
uonnqLysip uoneIpeLl NELREE]
xng 31| oz1s J1ose[ JOo uoneIpeLI SUOnIPUOd (;wor) (wu) o314 u1
SOWI0IINO UTRIA[ JoadAy jods uonerpewy Kouonbarg Jo uoneing Imyno 119D QoueIpeLI] souon|j )Sud[oA_A joaa uf adKy 119D IedA ‘oyiny

2072

S[[90 Wd)S [BWAYOUISIW U0 [T JO SI0J08J J09FH "1 ATdVL



2073

Kemyped uruojes
-gnum/NdV oy
y3nouIy) s)se[qoaso
or sHSING Jo
UOLRIIUSIQYIP U}
pajowoid uonerpe
JIOSE[ [0AJ[-MOT

7 10joej uonduosuen
pajeaIjuny pue
‘ur1989301dod)sO

‘UI[B8209)S(Q) JO
S[oA9] uoIssardxa
ouaS o) pasearour

Se [[om se ‘SOSININEG

o1010doa}so jo
UOT)BZI[BIOUTI

pue Ayiqera oy
pasoxdwr uro0}£xo
pue Adeoy
uone[npowoiqojoyd
Jo uoneorjdde
pauIquIod Y],

oa1a ul pue
o414 ur ypoq sHsav
uewny payers

Jo uonerdyjoxd

pue A[iqera [[o0
pasuequd 1177

paygroads 10N paygroads 10N

QABM

snonunuoy) U0 G°0

wo |
Jo I010WRIp
B 1M Weaq
JIose[ ® [Im
PjeIpRLI SeM
arerd [[om-9g ©
Jo BoIe d0BJINS

payroads JoN €103 oYL

paygroads 10N

SKep 4]
103 Arep 9ouQ

sOSAv jo
uonejuedsuen
210J2q 10
sOSAv jo
uonejuedsuen
101¢e
A[arerpawutur
90UO PIJRIPRIIT
a1oM sjel
‘Aprys oaza ut
o uf “sAep
SATINOISUOD
ooy} 10J Aep e
90UO PIJRIPRIIT
Q1M S[[90
‘Apnys o314
uroy ug

paygroads JoN

SAep {1 10}
Kep 1od s 09

sJSAv jo
uonejuedsuen
210J9q 10
sJSav jo
uonejuedsuen
Ioye
Aorerpawutur
ur Q[ 103
PAJBIPELIT dIoM
syel ‘Apnys oaza
u1 oy} uf ‘sAep
9A1INOASUOD
oo1y) 10} Aep
10d urur | 10§
PAJBIPELIT dIoM
S[[90 ‘Apnys
04714 U1 AY) U]

20D %S
Jo aroydsoune
payipruuny
BULD, LETR
urokwoydons
-urpproruad o
pue wnIds
QUIAOq [B19)
%01 yam
pojusworddns
wnipaw 714
/INIINA
ul paInjno
a1om SDSINYG

(IA10) wnipaw
uononpur
010309350 Ul
paImno dIoMm

SOSINNE

sonoIqIUE pue
WINIdS QUIA0Q
[819) i
pajusworddns
wnipaw s,9[3eq
payrpowt
5,0000qIn(J Ul
paImno A1om
sOSAV Ayl

payroads
JON

RG]
/MW 001

payroads
10U sem
QoueIpeLl
oy “Aprys
oA14 u1 A}
uf "o/ mu
0S sem
QoueIpeRLl
oy ‘Apmys
o414 ut
o ug

payroads
1N

WO/LT

pay1oads jou
sem douanyy
ay) ‘Apnis
oz u1 Ay}
uj “wo
/[ 60 sem
douany oy}
‘Aprys o714
uray uj

sjuowLIodxa

pay1oads jJoN oj1a uy

sjuowLIodxo

wu ()8 o414 uy

pajonpuod
QIoM SOIpMIS
od1a u1 pue

wuggg o uryiog

(sOSNE)
S[[93 [ewons (8100)
mouew duog  Te3e Sueyy

syex
o1o010dodjso

pue Ayjjesy

woiy
(SOSIWINE)
S[[99 Wd)S

[ewAyoudsow  (6107) ‘T8 30
MOITeW dUOg  peyzZouye[[e

(sosav) sieo

WA)S PIALIDP
-osodipe ($100)
uewny .ﬁ.m 19 QE\A



(40d-14) uonoear
ureyo aserowkjod

-uonduosuer)
9SIOADI QWIN)-[Bdl

AQq pouLIguod sem
uorssaxdxo oud3
IoNTeW O1U9309)S0
“A|euonIppy
“Ananoe (V)
asejeydsoyd ourpeye
pue Surure)s § poy
ULIBZI[Y AQ PIssasse
SeM UOTIRIIURIOYIP
210309180 *G pue ¢
sKep 1e uonerojijoId
1199 Tddy paoword
Apueoyrugis wo/[
cJjoosopeleTd1

uonouny
[eLIPUOYO0}I
Suraoxdunr Aq s[[e0
onoproe pue orxodAy
uo J09ho A1ojenwns
© pey| uoneIpeLl
10Se] [0A]-MO] Jey}
PaMOYs sy nsax

oyL KIIqerA [[90
(d1v) 2reydsoydin
QuISOUdpE pue

78D Te[nj[ooenul
ANV d119Ad
‘enudjod sueIqUIOW
[eLIPUOYO0}I Ul
so3ueyo Jurssasse
£q S[[99 o1j0pIdE pUE
orxodAy uo 30939

ue pey uoneIpeL
Jose] J1 ys1[qe)sa 0}
pawre Aprys oy ],

2074

payroads 10N

(MD)
UOISSIWd 9ABM

snonunuoy)

payroads 10N

KoAn0adsar
‘wo/f ¢ pue g
‘T JO sanisuap
A31ou0 A1dde

01 s #9C pue

TEL °99 10§
UOTRIPRLIT
1958] 0}
pasodxa
1M ST[D

A[rep pajerped
QAIM S[[2D

(ctuo/f 91) uru
0ST Io (urd
/[ §) ur G

¥ pue
1 sAep uo

W0 80°6 samsodxa om],

[ouaq ued[o &

uo drmerdduwa) Ju
woor e A[lep /MW LT°GT
pajerpedn sem AJIsuop
1M S[[9D Jomod oy
punom e

d)e[nuIIS 0) pasn

[opou yojeIos

[enuad ‘sisoproe

pue erxodAy
JO suonIpuod
dje[nwis 0}

PaYIPON /MU ¢

pasn
oM WD
/10T
‘0 Jo sasoq wu ()99
L (19se] ON-°H)
/f9110¢ W 8°CE9

syuowLIodxd
odjia uy

sjuowrLIodxd
oa1a uy

S[190 JudwedI|
eruoporrad
uewny

S[19d

Ise[qoIqy unys

uewny pamfur
pue [eULION

(€100)
‘Te 10 npp

(60027)
AsweyeIqQY
29 SueAq
sunmey
‘n3uny



2075

o4j14 u1 pue
oAl U1 SPPOW
Surourud

anssi auoq

uo [090301d 19s€[
dL3 Sty JO 30949
oy 91e3nsoAul
IoylIng 0} siseq €

Se pasn 9q p[noo
synsax Areurwjoxd
95U, "S[[90 [BWONS
MOLIBW SUOQ SULINUI
JO uonenUAIOYIP
010309350 91} U0
10939 2anisod e sey
WO/[ 7 1B

(wu 7es dI3) WS
uda13 yym [0o030xd
eyuowiLiodxo

L1717 sty reyy
WSSy synsar

uoneIoud3aI

anssn [ejuoporad

ut sOSINDY

M PIUIqUIOD
sAT oniq jo asn
oy a10[dX0 01
papaau st Apmys
IOULINT ‘TOAIMOH
*9nss1) duoq

IRJO9ATR SULIOISAT
10J QUIOIPIW
QATIRIOUOFAX

ur suonjeordde
renuajod oAey

Aew sy, "souol
219309350 JOo
uo1ssaxdxo pasearour
pue sHSINOY ut
UONBNUIYIP
21U9509)S0 PISUBYUD
uonelpeLt 1ySi| anjg

payroads J0N

mdjno
snonupuo))

suo|
Surzijeooyop
JIOJOWRIP WO

wo §'¢

SeM SaINNO
parerpedit
ot uo jods
W31 2y jo

IojoweIp oy,

payroads J0N pay1oads jJoN

skep 8T Jo
[€101 ® 10} Aep
IOUI0 ATOAD S
09 pue s Oy
‘s0T ‘s 01 10J
K[9ATINOASUOD
Kep pajerpesn
10130 A10AT 1M S[[OD

20uoNPUOd

Je pajeIpeLIl

pue wnipaw
9jo1dwoo
ur paImyno
Q19M S[[0D)

S[[90 pojeIpERLII
Se SuonIpuod
ques oy}
Iopun painjno
Q10M S[[9d
PJRIPRLI-UON

payroads
10N Al 4 wuzes
[9A9]

IoAe[-[[90

oy Je [wo WO/L 9

/MW 00T 0pTT0  wWuegy-0Ty

sjuowLiodxo S[99 (S102)
o414 Uy 0110309380 ‘T8 39 0TI
(SDSINDY)
S[[00 Wo)s
[eWAOudSW
syuowLIdXd readud (6102)
o.p14 uy uewNy ‘e nyz7



S[100 w2)s
POALIOP-MOIIETT
Quoq UBINY UBY)
S[[9o wys asodipe
uewny o A)yIqera
1199 04714 U1 d10W
pasnpur syIFus[oALM
wu (18 snjd g9
jey) punojy Apnis oy,

painsesw Suroq
oQwodIno oyroads ayy
uo Surpuadop parrea
uoneurquod [eundo
Y} TOAIMOH
'sdnoi3 jonuoo

10 syySus[orem
o[3urs 03 paredwioo
a3e[naes 10 duoq
0Jul S[[2 WS
[ewAyoussaw Jo
uoneNUAIYIP

pue uonjerojrjord
paseaIour ur pajnsal
syiSuo[oAeMm Iose] JO
SUOIRUIQUIOD UTBLI9D
jey) punoj Apmys oy [,

ourdozesdes 10300[q
[euueyd uor oy} Aq
Ppajqlyut aq pjnod

pue “yS1| usaid/oniq

191y 10y31y sem
wnIo[ed Je[n[[ooenu]
‘uorjerojrjord
parenups (wu
018 Pue 099) 1S1
paJeIjuI-1edu pue
pa19[IyM ‘SOSVY
Jo uonerdjrjoid
payquyur (Wu ofg
PUe G1%) 15|
uda13 pue onjg

2076

payroads joN

opow oABM
snonunuo))

syjSuojosem

ITe 10}
(MD) 2aem
-snonunuo))

payroads joN

WO [
Korewrxoxddy

syjSuojosem
[[e 103 ;WD §

pagmadsjoN  payroads joN

pasn
uoIBUIqUIOD
pue

SusjoAem O}

S309M OM)
03 dn 10§ yoom
€ sown 91y [,

uo Surpuodop
ur ¢ 018 0¢
woiy pasuey

syISuojosem

pay1oads joN [Te 10} S 881

paygroads JoN

So1oIqIUE pue
WNIdS dUIAOQ
[B19) Yim
pajuowo(ddns
wnipow
[enUASSd

wnwirurw-eydye

ur paInno
Q10M S[[8)

wnrpaw
uoneIRfIoId

payroads
10N

pasn
UoNBUIqUIOD
pue
Susorem
oy} uo
Surpuadap
O/
001 01
G woly
paSuey

syISuojosem
[[e 10§ ;wd

/MW 9T

payroads
JON

pasn
UOI)BUIqUIOD
pue
ySuojorem
ay) uo
Surpuadap
o/ 01 01
§'0 woy
pasuey

syjSuojosem

ITe 103
/I €

syySudroARM
wuQorg
snid 0¢9

sjuourrodxo
oa1a uf

(s1ose] [enp)

wu 086/018
pue wiu

099/5¢€9 3o
SUONRUIQUIOD
‘(s10s¥]
9[3uis)
wu 086 pue
‘018 ‘099 ‘S€9

sjuowLIodxo
o414 uy

sjuowLIodxo
o414 uy

wu O 1 w Uzm
‘099 ‘0¥S ‘SIv

S99
WI0)S PIALIOP
-moLIew
suoq uewny
pue s[[99
wo)s asodipe
uewngy

(6100)
‘e 10 areZ

MOILIBW dUOq
OBI[IIqqel
WO1j PIALIOP
S[[00 Wo)s
[eWAYOUISIIN

(8102) ‘18
19 pezen|d

(DSVU) 81190
WoJS POALIOP
-osodipe
uewny

(eL102)
‘Te 10 Suepy



2077

palodxa

OS[e SeM SO1JBIS0IKD
pue ‘SOSI T1d'T
U99M19q UOTJORIAIUL
YL YIMO0IS [[90
9SBAIOUI UBD
UOTIRIPRLIL JOSB]
1omod-mof Inq
9SBAIOAP UBD
SO118)S0)A0 181}
Pamoys synsax

AYL 'SOSINW

U0 UOTRIPRLIL

I0sB] 10M0d-MO]
pue So13eIS0)A0
In0J JO 1999

) pajeSNSIAUL
Apmys oy,

SOSINA
JO s150u0309)50

pue uonjerojrord
pajowoxd
Apueoyrugrs wo
/YT LTTT

Jouuew juopuadop
-9S0p B UL SJVDS

Jo uonesdrjoxd

pue UOTRIIUSIOYIP
0119309350 PIdUBYUD
uonerpelil 471 en[q
JBU) 9IOM SOUIOdNO
utew 3y 'sdvOs
JO uoneULIYIP
219309150 9y} U0
uonelpelll 41
anjq A310us-MOf JO
S109]J9 9} AJeN[BAD
0) pawire Apn3s oy [,

pay1dads jJoN

pay1oads jJoN

pay1oads jJoN

pasn
Kyisuop 1omod
pue AjIsusp
A310u0 oy
uo Jurpuadop
ww o 01 L
wo1j paguer
weaq 10se] oy}
Jo 1o3oweIg

Oom
Jo o[3ue weaq

B UM S[[99
o Suruueds
90BJINS 3} 0}
Ternorpuadiod
doardpuey Jose|
9qoid-o3urg

wo G'¢ 9q 0}
paInseaws sem
921n0s 31|
oy} WO Wo
I Jo doueIsIp
© 1 J9)oWeIp
jods oy,

poyadsjoN  payroads jJoN payroads 10N
Q0uUaNPUOd
%08 payoeal
Koy nun (Sg.A
%01) WHIN-0
ur parmno
poyadsjoN  payroads jJoN 1M SOSING
soouany
JUQISYIp 10] wnipow
S OF pue ‘s uononpur
pay1oads jJoN 0€°S0T ‘S0l 219309150

MW 09
Apueisuod
sem 1omod

mdino
o/

961-9L

S 0T
103 Jomod

mdino
M STO

Bai)
/MW 00T

QoL LTT-
6'1 :Ausuap
A310u0
Jo o3uey

WO/ 91-0

W/ ¥
LUO/f € W
/LT ]

syuowLIodxa

wu ()99 oa1a uy
syuowLIodxa

wu $90 T o414 uy
syuowLIodxa

wu 08%-0¢h o4jia uy

(sOSINW)
S[[90 Wals
[eWAYOUISIW
QuLINA

SOSNE)
S[[90 Wals
[eWAYOUISIW
molrew suog

(savOs)
e[ided reorde
oy} woxg
NIERRUEIN

(6002)

‘Te 10 zlerey]

-JeAIOH

(6100)
‘Te 30 Suepy

(0200)
‘Te 30 Suex



19SE] pareljur

pue ‘qq] ‘1ose| pal
LM pajeIpeLI pue
wnipaw o1ua3093so
Ul paInno a1om
S[[99 UAYM PIAISQO
SBM S)O9]J0 JO wins
V "UOIjeULIO] 9[NpOU
ouoq pue AI[Iqera
[190 Suisearour uo
S109]J9 1599 A}
pamoys qg-1 pue
19SB[ POy “WNIpaw
21U0309)S0 oYM
UDAD S)SB[qO2)SO
BLIBATED JBI UO JO9[J0
uononpur 91ud509)so
ue pey JNdd eyd
SeM SaUW0I)N0

urew oy} Jo auQ

uoneIoud3al JUoq
Sunowouid 10} uondo
QAT}O]J0 UB 9q AewWl
Jose] WU GE9 B YHM
uone[npoworqojoyd
ey s3se33ns

Apmys ay [, ‘uroned
uoneZI[eIoUI

pue ‘uorssardxo
7-xuny ‘Ajquiosse
U0J9[93S03A0 Ul
so3ueyo paonpur
W3S1| pareryu

-IBON] "S[[90 9y} UO
1099 JueoyIugIs

ou pey JysI| on[q
-J9101A J[IYM
‘uonyeanyoe Jurjeudis
PV ysnoxp
UOIRIIUOIOYIP

pue uoneiajijord
15€]q09)s0 pajowold
WS1] par ey

punoj Apms oy,

2078

3oM © 90UO 0}
Kep 10d o1din
woiy Surduer

Quowrriodxd
oy} uo
Surpuadop
paLeA os[e
uoneIpeLIL
J10se[ Jo
Kouanbaiy oy,

O 161
01 WS 2¢°0

pay1oads jJoN woiy paguel

skep
9A1INOASUOD
221y} 10§
Kep e 20uQ

opowr oABM

snonunuoy) A9 670

oM © 90UO
0} SpU0Yas §
woiy Surduer

quowriodxd Y $¢ 10}
oy} uo Sd4d %1 pim
Surpuadap 9e)s Judosamb e
paLreA ur ind o1om S[[90
UonBIPRLI JO AU} ‘UOHBIPELIL
uoneInp oy alojog
uroAwojdons

pue ‘urfjroruad

‘SHA %01 yrm

poyuowajddns
INAING Ut
paInyno

uT 1M ST[9D

WS/ W
0991 03 ;wd
/MW $T0°0

woiy paguel

W3y
paterjur
-Iedu 10J
WO/ MU

001 WSy
aNn[q-19[01A
pue pa1 1oJ
WO/ MU (G

/L 16°1
03 W/[ CT1°0
woiy paguel

WS1] parexyur
-Igau 10} UId
/1 € ‘W1
ANq-19[0IA
pue pai1 10J
WO/ G

Ndd
10§ (Wwu G|
FL£9) Ad1
pue ‘(wu 808
- SY[VeD)
hvwm— UD;N.C—\:
“(wu 099 -
dureniv)
J19Se] pal pasn
Apmis oy,

syuowLiodxo
oda uy

(wu got)
anjq-1o[01A
pue ‘(wu
808) pareyur
-1eou ‘(wu

S€9) POY

syuowLrodxo
oda uy

(0202)
‘Te 10 osopie)

S)SB[09)SO
BLIBA[ED JEl

S[[00 [eWONS

[ewAyouasour
pue
$1SB[03ISO (0202)
uewinyg ‘Te 1o tue],



2079

uonoIeyul
[eIPIEOOAW B IoYje
uopouny 1eay
Suraoxdur pue
Suriress Suronpar
105 syynsax Fursrwoid
pamoys Apns ay ],
‘Aydei3orpreooyod
Kq pozA[eue sem
uonouny ey pue
‘TN pue £30]03sIY
Kq pazA[eue sem
Sur1ress Jo JudIxo
oYL, ‘A[oAnoadsar
‘TN-1sod 4 ¢ pue

T s81d ('IN)
PJeoI)-19SE[-UOU ) A JO
ur ueyy JoySry poy uononpur-jsod
-v'C PuB -¢9°C sem skep , pue g
s31d (177) pareon pue ‘U (¢ s31d wrej uo
-19Se] AU} JO Poojq Sou0q o®I[l PajoNpuod d1oMm pajonpuod
Sune[noo oy ul pue eIqn oy} sjuowiiodxa RIRYN molrew
(S[199 waIs) S[[99 + 03 parjdde oAl14 Ul Se payroads payroads syuowLiodxo Juoq ay) ul 9102)
Wy-0 Jooqunu oy, pagadsjoN  poymads joN  payroads jJoN sem Jose] a1qeorjdde joN JON JON pay1oads JoN oala uy S[[90 WIS ‘Te 1 nerg
yzL
I10)Je uoneoyrjord
DSING e jou
PIp suonelpeLl 20D %S
ad1 oyl Aemyed Jo aroydsoune
Surreudis urudyeo payrpruny
-gnum o BULD, LEIE
y3noryy sDSING uroAwoidons
JO uonezijeIoUI -urprroruad
pue uonenuaIogIp %1 Pue Sd4
01ue502)50 %01 ynm (sosne)
oy} poduBYUD payuswajddns S[[90 Wals
uonerpelt qg1 pal INAIN-P ur [ewAyouSsaw
Asuaui-y3siy jeyy pamno syuowodxo MOLIeW (0202)

punojy Apmis oy,  poyroads jJoN Lo pagroads JoN S 0v-0 1M SOSING WO/ UW OS Lo/[ 8-0 wu ()99 ody1a uy Qu0q UBWIN] ‘Te 30 ueny



Juopuadop

-dw1) pue -osop

9q 0} punoj sem
SOSING uo Aderoyy
IN€d Jo 1oedur

YL 'SOSINQ U
sisojdode Jursearoop
o[ym uonerdjrjoid
pue A[IqeIA [[90
paaoxdur Kouanbaiy
901M] JO 90UO pue
[Wd/f [ Jo Ayisusp
A310U0 UE JB JOSE[
uodu-wnijay e

Suisn Aderoyy
uone[NPOWoIqoloyJ

sjel
911010d09}50 paonpur
-AW01991IBAO

wolj S[[90 Wo)s
[ewAyoUasIWw
PIALIOP-MOLIBW
ouoq o1010dodyso

Jo Apiqera oy
paaoxduwr Jose] uodu
-winrjoy pim Adexoyy
10SE[ [0A]-MOT

SOSIN

-LvY Jo ASojoydiow
oy} paIdle pue
uoryerdjrord
paseaIoul 19se|
[0AS]-MO] pUE P[oYy
o1ouSeWoN99d

JO 51090

pauIquIod Ay [,

2080

pay1dads jJoN

orgoad
weaq ueIssnen)

aAeMm
snonunuo))

pay1dads jJoN

M2 670

WO [

9011y} pue
901M) ‘90U

skep
9AIINOISUOD
2011} 10§
AJrep oouQ

payioads jJoN

payroads 10N

skep
SATINOISUOD
2211} 10§
Aep 1od s 09

unu ¢
10J Aep & 90U0
‘skep ( 10J
os[e parjdde
sem T ‘uru
0¢ Ioj Aep e
90UO ‘sAep £
Jo pouad &
10§ parjdde
sem JINH

payroads 10N

20D %S
Jo a1oydsoune
payipruny
BULD, LE
& pPIjRqNOUI
‘sonjoiqnue pue
Sdd %01 yim
payusworddns

WHINA

sIeok
9¢ 01 [ woly
o3e ur SurSuex
suos1ad XIS Jo
onssn asodipe
snoauenoqns

woIy
PIB[OST 1M

SOSIN-LVY

payroads
10N

/MU S

/M T0

/[
TPUB ‘[ ‘G0

WO/ T

syuowLIodxa
wu 8Ce9 ojia up
wu 8°7¢9
Jo yiSusosem
B)IM IOSE]  sjuowLIddxo
uodU-wWNIOY o414 uy
sjuowLIodxo
808 oqia uj

(sOSINQ@)
S[[90 Wals
[eWAYOUISIW

onaqeIp ey

(6100)
.ﬁ.m 19 D‘EN

sjel
o1010doajso
paonpur
-AW0)991IBAO
woly
S[[90 Wa}S
[ewAYOUISsIW
PALISD
-MOIIBW 9UOq
ono1ododisQ

(9107) Te 30
peyzauye[[e]

(SOSIW-LV®)
S[[00 Wols
[ewAyoussawr
POALIOp-ONSSI)
osodipe
uewny

(9102) 18
39 TAONINN



2081

wnipout
UOIRIIUSIOLIP
o1u2309)50 UL
paImmo SHSINNY
Jo Ayanoe
UOHRIIUSISLIP
019509150
PIOURYUD WU ()79
Jo yj3uojorem
18 3ysi Qg7 ey
punoj Apm3s oy [,

suofe
UOIIRIIUQIOYIPOSISO
donpur 03 Ajiqeut
syt oydsop
UON)BNUSIYIPOIISO
JO 9je1 oY) 9SBAIOUI
A1oA109p9 ued Jy3I|
Pa¥ ‘NAO Ul sOSIN
Jo uonedyrjoxd jo
Q)1 9]} PISeaIoP
puE UOHRIIUSISYIP
91U9500)S0 PIOUBUD
19y “‘WnIpaw
JeurIou ur SDSIN

JO uonenULIYIP
o1u2309350

aonput jou pip

nq uonerdyijord B WO PIRIWS

pajowoid sanisuop
A319U9 JULIOYIP
123431 T Py

pay1oads jJoN

(ag eporp
Sumrwe-1ysi|

uopeIpeLIl

W3S pas
JUQISYOOUON

payroads jJoN

wo O]
sem j0ds 31|
oy} Jo 1oreweIg

payroads joN

NAO o}
PpaSueyd usdq
pey wnipau
oy oouIs Aep
IO ATOAY]

payroads J0N

iiG]
/1 ¥ 101 S 009
pue “wo/f 7
10] s 00€ WO
/f TI10Fs QST

wnipaw
UOTJBRI)USIJIP

21U9509)50

ur parmno pagroads

olam SHSINNY 1ON WO/L T wu 09

(N@O) wnipow
UOTJETURIJIP
2119309350
IO wnIpaw Lo
[ewIou ut B} /[ ¥ pue ‘;wo

pPIMMO SOSIN /MW L9 /T T W[ | wu 0z9

sjuowLIodxo

odjia uy

syuowLIodxa

odjia uy

(sOSIWN)
S[[90 WIS

[ewAyoUssaw
ploo [esrjIqun
uewny

(sOsSW)
S[[90 Wals
[eWAYOUISIW
molrew suog

(9102)
‘16 32 Suex

(z109)
‘Je 10 Sudd



sisoydode yiquyur
SB [[oM SB ‘SOSIAY
Jo uonerSiw pue
uonyerojrold

oy ojowoxd
Apueoyrudis

ueo s1ojowered
dreudoxdde

Je uoneIpeLIl

JIose] [0A9] MO

soImno
[01u09 03 paredwod
S[[99 pajeaI) 9y} ul
uoneZIeIoUIW puL
Kynanoe aseyeydsoyd
surpey[e paseaour
PAAIISQO SIQYOIEDSAI
ay “Ajreoyroadg
‘o4p1a ut SHSIN

JO uonenULISYIP
01U0309)S0

oY) poduBYUD
Apueoyrugis ;wo/[
9 Jo douanyy 10yS1y
© ] JOSe[ 9poIp

wu 308 ue yim
uone[npowoiqojoyd
jey) punoj Apnjs oy

2082

skep
9ATINOISUOD
ndno y3ry 901y} 10

jurod o[3urg U2 68770 Kep e 20uQ

(€1 *skep G|
pue g1 ‘sAep
0l ‘1L ‘skep
S 0L ‘0 KeQ)
ou Jo sporad
JUSIQYIP JOAO
Y g A10A0
pajeador sem
uoneIpeLI
payroads jJoN

payg1oads JoN Jose]

S 0cI
pue ‘s 09 ‘s O¢

owry aInsodxa
UOTJRIPRLIL
1ds g9

uomnnjos oIy nd

190 WIS /MW

UOTJBIPRLIT JOSE]
03 Jo11d sAep
[ 10 wnipaw
019309350
ur parmno

1M SOSIN /M T

/[
T pue ‘o[
[ “2Wo/f 60

WO/ 9

w099

JIose|

9porp wu 808

syuowLrodxo

odjia uy

syuowLIodxo

odjia uy

(sOSINY)
ST[90 WIS

[eWAYOUISIA

(SOSIW)
S[90 Jewons
Mmollewr duog

(L102)
Te 10 urk

(8102)
‘Te 19 1joIRWY



2083

SOSIN
parerpeL-1ySi ur
uoneIsIu paseaoul
0} PaJe[a1I0d
uonnqLysIp pue
uone[NWNOYL
unoe-J se [[om

se ‘6-dININ PUe ¢
~dINIAL JO senianoe
ONBWAZUD PIOURTUD
Aq parueduwoooe
Sem 10039 SIY L,
‘K1oAnoadsar
%9°€9T PUE %6°T6T
03 dn uoneiSru
SUBIQUIAWISUR)

pue Ayjiqow
DSINGI pasearour
Apueoyrusis

WSy YIN pue

pos Juisn 7T

sdnoi3

[01UO0J pajeIpeLIT
-uou 03 pareduioo
uonerdjrord

pue Arjiqera

1190 paseaour
Apueoyrugis Aderoy)
117130 sesop
ordnnuw pue o[3urs
10q 1B} Pamoys
synsax oy, "Aderoyy
117130 sesop
ordnnur 10 9[3urs
Ioye S[[99 qIHS
Jo uonjerdyrjoid pue
AIIQeIA Oy} d1om
SOUWI00INO UTRW
SYL 'S[[99 d4HS W
SJUIAD PIJRIVOSSE
-uoneIduagar
soyernwns (T771)
Kdeiayy 10s8]
[OAS]-MO] ISYIOYM
9Jen[eAd 0}

paure Apnys oy [,

papiaoid jou

payroads joN

QIMNo []99 10
ojerdororu [om
-96 piepuess
© JOAO 1Y 0}
pausisap sem
Kewre Q471 9YL

wo ¢TT0 30
IoJoWEIp © Pey
dn 1ose] oY1,

papiaoid jou

sdnoi3
uoneIpeII
ordnnu 10§
Y4 9 Aroayg

papiaoid jou

licliielhil
J1088[ OUO A[UO
PAATdIAI (€
03 | sdnoig)
sdnoi3
UoneIPRLI
S[urs orIym
‘sowr) 921}
JO 1810} B I0]
4 9 A19A2
IOSB] POAIDOAT
(s pue
sdnoig) sdnoi3
UuoneIpRLI
o[dnmy

SUONIPUOD
pIepue;s
Iopun o414 u
paImINo 210M
SOSING! oYL

SO1oIqUUE pue
Sdd %S1 ynm
payudworddns
INHIN-0 Ut
paImno
o1M QIHS

(uemre],
‘KD rodrey,
MON)
PY10D
o1u0N99[q
00U woly
paseyoind
a1om sdure|
dd1
"I No
1199 10§
ojerdororu
[[9M-96
plepuejs e
I0A0 11 0}
pausisop
Kenre 1
opeWw-dwoy
€ Sem pasn
201n0S

Iy oy

I'T17 10§ pasn
arm (sad 1)
sopoip
Sumwe s
(wu g8
“JIN) parexur
Jedu pue (wu

0£9) pod o414 u1

W/ Y

101owerp dn
wo-67T0
pue ‘eare dn
10SB] W
-$0°0 ‘Tomod
mdino
MW O

sjuourLrodxo

/[ $°0 wu ()99 og1a uy

(sDSWaY)
S[]90 wo)S
[ewAyouasowr
morrewt
auoq jer

(€107) Suenyg
29 Uy 1]

(agHs) uedy
SNONPIodp
PajeI0)Xd

uewiny woijy
S[[90 WS

(6102) Te
10 If-eprowy



[oA9] AS10U0
JUQIOYIp B
JurA10001
dnoi3 yoeo
[njuuey M - SuIpaos
aq ued ‘[ $0'S oye g, pue
se yons ‘A310u9 U8y ‘YT -
19y31y pue ‘sOSVY syutod awny
Jo uonerayrjoid JuasoyIp ea1y)  soye[d [[om-4¢ Lo
ajowoid [ 9¢°| Je UOWBIPELIL Q) Ul BIPOW Ul /{ ¥0°S pue
Pue 9¢°() 03 350[0 IN|d PaAIedal  paImnd slom /[ 96°1 (sDSvw) (8107) e
A310U0 UIM NFd POUONUSW JOU  PAUOHUSW JOU  PIUOHUIW JOU SOSVY 2yl SOSVY oyL MW 0 W/ 9670 wu ()99 o714 u1 onssy osodip 30 apeIpuy op

proe orounar Suisn
S[[99 2[osnuI Yoouws
0JUl POIENURIPIP
9q ued anssn
osodipe uewny woij
PAIR[OST S[[20 WS
ey} POMOYS OS[e
Apmys oy, -owr} Jo
pouad papudIxd
ue 19)Je uoAd ‘9dK)
[[99 Iayjoue ojur
UuoneNUIYIP
sonpur o3 Jeadde jou
SQ0p ySuojorem
pue ooudny SIy) je
UoneIPeLI 1oSE]
[ g, 03 dn 103
uorssardxa urejoxd
pue A3ojoydiow [0
wojs Sururejurewr
£q pue “Qiqera
pue uorjerojrjord
Ie[ny[eo Suisearour (sDsavu)
Aq o414 u1 SDSAVY S[[90 WIS (1102)
PpajelosI sjo9pye paALIDp JsweyRIqQY
A1oanisod uorjerpelin Lo syuowIadxo asodipe 2 ploInoy
Jose[ AJIsudjul MO poyroads joN pay1oads joN payroads joN yzL0dn payroads JoN /MW 65°8 Bii o)/ wu 9¢9 o414 uf uewiny ‘SIQI[[IA 9P

2084



2085

urjoxd

xeq Jo uorssaidxo
Sursearoap a[Iym
uroyoid z-10g Jo
uorssaidxs pue
‘uonesdyjord
“AN[IQeIA [[20
pasearoul
Uuone[NPOWOIqOIoyJ
"WYY UAIMIAq
QOUAIPIP JuBOYIUTIS
ou sem 1o}

nq ‘uoneINeWw
15€[q09)s0 Sunowoid
Ul 9AT}OJJJ AIoM
sorgoid dog -1e1]

pue ueIssnen yjoq
Jey) punoj Apn3s ay [,

ddHS Jo sme)s
pajenuaIdyIpun 1o
uoneojrjoxd oy
jooye Appueoyrugis
joupip JNdd rep
PAMOYS $)[NSAI YL
‘SQAHS Jo smejs
Sunenuarogipun
pue uonjerajijoid oy
uo (LINgd) Aderoy)
uone[npoworqojoyd
J0 109330 oy ozATeue
0} pawre Apnys ay [,

paredwod
a1om sa[yod
dog-1e1 ‘sA
ueIssnen) Yim
s2091d-pueyq

pay1oads jJoN

pay1oads J0N

syurod
Jue)SIpINbo oAl
ul pajerpeL
Sem [[om
yoed ‘sojerd
[[oMm-9 10]
gurod o[3urs
© Ul pajerpeL
SeM [[om [oBd
‘sorerd []om-96
1e9]0 A[reondo
o) 104

(MD) 2aeMm
Snonumuod
pay1oads 10N urs (9
Joom Joom
I SuLmp Kep 1 Suump Kep
IO ATOAY] IOU0 AI9AD

pay1oads jJoN

sonoIqrue pue
WINIdS QUIA0Q
1819) %0T Pm
payuoworddns
wnipaw
[enuasse
wnuwiur-eydye
ul paInjno
a19M SQAHS

SUOTJRIPRLI
20a1d-puey
LS 10j ;w0
/M 11 pue
SUOTJRIPR.LI
2021d-puey
L4 10}
WO/M T

payroads
ION

SUOTJBIPB.LIT
92a1d-puey
LS 10§ ;W0

/f 99 pue
SUOeIPeLI

9oa1d-puey
L4 10}
W/I 09

(1 219e1)
sdnoi3
[eruowLIadxo
oy o)
Surpioooe
parjdde azom
SonISuAp
A310u0
o3eroae
JUSIJIP XIS

syuowiodxo (6102)
wu )86 o314 uf BN [\=1e) ‘[e 12 eUURH
(sagHs) W
snonproap
PajeI[0JXd
syuowLIodxo uewny woijy (8102)
wu ()99 o4j1a uy S[[99 WS ‘18 19 BIIALID



syISuo[osem

pue sonisudp A31oud
ure}Ioo Je $)Se[qoalso
OJUI UOT)BIUIYIP
pue uonjerdjrjoxd [0
W) QIUBYUD ULD
Ndd 1By} pamoys
S)nsar1 Yy, ‘sisAjeue
uorssa1dxo ouod

pue ‘Sururejs pax
uLIezIfy ‘Ajanoe
asejeydsoyd ourpeye
‘sKesse uonerayrjord
pue A)[IqEIA [[90
ySnoiyy pejenjead
2IoM SOWIONNO

SYL 'sOSAV Jo
UOIRIIUSIOYIP
21U9309)50 9y} U0
sanIsuap A310u0
JUQIOYIP 21y}

pue syySusjosem
JUSIOYIP OM]} J©
uone[npowoiqojoyd
JO 51000 oy
pareSnsoaur

Apwis oy,

2086

wu 608
Jo 3usorem
© UM IOSe|

aporp ayy 10§

Toqy w (op
Joozisjods ©
pue W ¢€9
opouwr Jo yySuoorem
uoneIpe.LI © UM IoSe|
snonunuod 9poIp oY) 10}
JOBIUOO-UON Joqy wil 009

pay1oads joN

S 0% 10 ‘0T ‘01

(W@o) wnipaw
UOIRIIUSISYIP
2110309180

/MW 0S

wo/r
TPUB ‘] ‘60

wu
608 Pue ¢€9

sjuourrrodxo
odg1a uy

(osav) sipeo
WoJS POALIOP
-osodipy

(0z02)
‘810 Sa1y
1seqiniog



CYCLIC ADENOSINE MONOPHOSPHATE (CAMP) FACTOR

CAMP is a critical signaling molecule in numerous cell
procedures, including differentiation, cell proliferation,
inflammation, and apoptosis (Gether 2000). According
to a related study reported, LLLT increases intracellular
cAMP levels (Zungu et al. 2009). Wu et al. (2013)
discovered that adenylate lyase inhibitor (SQ22536)
hindered LLLT enhancement of MSC osteogenic
differentiation and cell proliferation (SQ22536). This
study also indicated that cAMP is a major regulator of
LLLT-mediated gene expression that stimulates MSC
proliferation and osteogenic differentiation. Notably,
without LLLT, adenylate cyclase inhibitor (SQ22536) did
not affect the expression of genes for MSC differentiation
into osteogenesis and cell proliferation.

BASIC PARAMETERS

The biological effects of LLLT on MSC are influenced by
several basic parameters.

WAVELENGTHS

The biological effect of LLLT on MSC is affected by
wavelength. The main wavelengths used for LLLT are
400 ~ 1100 nm and can be used to reduce inflammation,
and promote healing and analgesia (Serrage et al. 2019).
Two wavelengths are most used to promote osteogenesis
in MSCs. One is blue-green light (414 - 543 nm) and
the other is red and near-infrared light (662 - 809
nm), especially as the latter can also promote MSC
proliferation.

Investigators used blue LLLT at a wavelength of
420-480 nm (blue-green light) to regulate MSC and
found that LLLT reduced cell proliferation in MSC, but
significantly promoted the expression of osteogenic genes
such as type I collagen, RUNT-related transcription factor
2 (Runx2) and osteocalcin, increased the activity of ALP,
a marker of osteogenic differentiation, and increased
the number of mineralized nodules (Zhu et al. 2019).
Recent research (Merigo et al. 2016) has found that green
LLLT at a wavelength of 532 nm (green light) promoted
osteogenic differentiation of MSC and mineralization
of its extracellular matrix, but had less effect on the
proliferation of MSC.

Wang et al. (2017b) compared the effects of four
different wavelengths of LLLT (415 nm, 540 nm, 660
nm, 810 nm) on MSC proliferation and osteogenic
differentiation and found that blue (415 nm) and green
(540 nm) wavelengths were more effective than near-
infrared (NIR, 810 nm) and red (660 nm) wavelengths

2087

in stimulating osteoblast differentiation, but inhibited
MSC proliferation. However, Fekrazad et al. (2019), who
studied the effects of different wavelengths of LLLT
on MSC, came to the opposite conclusion, finding that
LLLT at near-infrared (NIR, 810 nm) wavelengths had
the greatest influence on boosting MSC proliferation and
osteogenic differentiation, followed by LLLT at red (660
nm) wavelengths. The only similarity between Fekrazad
and Wang is that Fekrazad et al. (2019) concluded that
LLLT at green (532 nm) wavelength had the strongest
inhibitory effect on cell proliferation.

In conclusion, LLLT at 414-543 nm can promote
MSC differentiation towards osteogenesis but inhibit
MSC proliferation. LLLT at 662-809 nm can promote
both MSC proliferation and osteogenic differentiation,
which is a more ideal wavelength for LLLT to regulate
the biological effects of MSC.

The wavelength of LLLT follows the ‘Arndt-
Schultz law’, also called biphasic dose-response, which
means that too weak a stimulus does not induce any
biological response, while too strong a stimulus has
an inhibitory effect (Zein, Selting & Hamblin 2018).
The effect of two wavelengths (810 and 980 nm) on
MSC has been studied (Wang et al. 2017a). There was
a biphasic dose-response for both wavelengths, but 810
nm stimulated proliferation with a peak dosage of 3 J/
cm? over 24 h, while 980 nm had a peak dosage of 0.03
or 0.3 J/cm? 10 to 100 times lower (Wang et al. 2017a).
In addition, 980 nm blocked temperature-gated calcium
channels, while 810 nm mainly inhibited mitochondrial
cytochrome c oxidase, both of which affect the biological
effects of LLLT on MSC at different levels (Wang et al.
2017a).

In addition, the combination of different
wavelengths of LLLT promoted MSC proliferation
better than a single wavelength (and was not affected
by biphasic dose effects). Pasternak-Mnich et al.
(2019) found that simultaneous emission of LLLT at
2 wavelengths (808 nm and 905 nm) using a multi-
wavelength locking system could significantly promote
MSC proliferation. In recent years, it has been reported
that dual-wavelength (630 nm and 810 nm) LLLT can
significantly promote MSC proliferation, which supports
this view (Zare et al. 2019).

ENERGY DENSITY
Energy density is an important fundamental parameter
in LLLT that affects the biological effect of LLLT on
MSC and also follows the biphasic dose effect of LLLT
(Zein, Selting & Hamblin 2018). In the literature, it has
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been reported that energy densities of 0.3 to 12 J/cm? are
favorable for LLLT to modulate the biological effects of
MSC. According to Yang et al. (2020)’s findings, low
levels of bluish LED laser at 1, 2, 3 and 4 J/cm? could
prevent MSC from proliferating and stimulate MSC
differentiation into osteoblasts. Wang et al. (2019) used
LLLT with energy densities of 2, 4, 8, and 16 J/cm? to
irradiate MSC in normal or inflammatory environments
once at 1 day intervals, and examined the proliferation
and osteogenic differentiation of the cells after 7 days.
They found that LLLT with energy densities of 4 J/
cm? had a positive effect on the proliferation of MSC.
They found that LLLT with an energy density of 4 J/
cm? significantly promoted MSC proliferation and
osteogenic differentiation; however, in the inflammatory
microenvironment, LLLT with an energy density of
8 J/cm? was required to significantly promote MSC
proliferation and osteogenic differentiation. In contrast,
LLLT at higher energy densities (16 J/cm?) significantly
inhibited MSC proliferation and osteogenic differentiation
in both normal and inflammatory environments.
Cavalcanti et al. (2015) used LLLT with energy densities
of 1-12 J/cm? to irradiate MSC for 3 consecutive days
and showed that energy density was positively correlated
with the proliferative effect of MSC, and LLLT promoted
the MSC transition to G2/M phase, thus promoting the
proliferation of MSC.

In addition, the energy density has a superimposed
effect. LLLT at energy densities of 1.9 J/em? and 3.8 J/
cm? both promoted MSC proliferation, and the biological
effects of one exposure to 3.8 J/cm? and two exposures
to 1.9 J/em? within 24 h were consistent in promoting
MSC proliferation (Horvat-Karajz et al. 2009). Last
but not least, the investigators showed that the optimal
energy density for LLLT at 980 nm to stimulate MSC
proliferation was 0.3 J/cm? and 3 J/cm? at 810 nm (Wang
etal. 2017a). Therefore, it was indicated that the optimal
energy density of LLLT to modulate the physical effects
of MSC creation is also related to other experimental
conditions.

TYPES

LLLT technologies that have been widely documented
have included helium-neon (HeNe) gas lasers, indium
gallium aluminum phosphide (InGaAlP) diode lasers,
gallium-arsenide (GaAs), neodymium-doped yttrium
aluminum garnet (Nd: YAG), gallium aluminum arsenide
(GaAlAs), non-ablative, non-thermal carbon dioxide
(CO2) lasers, LED arrays, and visible light (Zecha et

al. 2016). Therefore, the diversity of LLLT types can
sometimes lead to conflicting experimental results.
What is controversial is whether LLLT coherence affects
the biological effects of MSC. Because LEDs are non-
coherent, diverging LLLTs, the energy of the LED is not
concentrated, and special optics may be required to focus
the energy on the target area. Tani et al. (2018) compared
the effects of different types of LLLT (405 £ 5 nm) on
the biological effects of MSC and found that the LED
type of LLLT did not affect the biological effects of MSC
compared to the control group, whereas the use of the
same energy density of GaAlAs type of LLLT promoted
MSC proliferation and osteogenic differentiation.
However, Cardoso et al. (2021) demonstrated that LLLT
with a red laser and a 637 nm LED was fully capable
of inducing its mineralization in conventional media
without osteogenic promoting factors, whereas no
mineralization was observed under the same conditions
with the infrared laser. Furthermore, another study
showed that although LLLT of the LED type had no
significant effect on MSC proliferation, LED could
promote osteogenic differentiation of MSC by boosting
the entry of B-catenin into the nucleus and activating
the Wnt pathway (Ruan et al. 2021). Therefore, whether
the coherence of LLLT is a key factor affecting MSC and
whether coherence is associated with other factors needs
further elaboration and research.

MSC ENVIRONMENT AND CELLS
ACTING CELLS

LLLT can modulate the biological effects of many types
of MSC. MSCs were first discovered in the bone marrow,
but are not unique in their origin; in terms of cell culture
passages, primary, third and fourth generation cells are
usually used (Ahrabi et al. 2019). Stem cells of the bone
mesenchymal type (BMSC), those from the dental pulp
(DPSC), and those from the adipose tissue (ASC) are some
of the most common types.

BMSCs can be used to treat myocardial infarction,
Parkinson’s disease, and diabetes mellitus (Blatt
et al. 2016; Nandy et al. 2014; Tsai et al. 2014).
However, the activity and tolerance of BMSC are
weak, and transplantation of BMSC into the host
microenvironment is severely limited even at very high
cellular concentrations, so clinically large amounts of
BMSC are required for therapeutic purposes.

DPSCs have been tested in vitro and DPSCs have
been shown to be induced to differentiate into osteoblasts,
keratinocytes, and smooth muscle cells (Syed-Picard et



al. 2015). Undeniably, DPSCs have made remarkable
progress in the field of regenerative stomatology,
but still face many challenges, such as their ability
to repair tissues decreases with age and their directed
differentiation efficiency is still not very high (Ballini
et al. 2015).

ASC characteristics include self-renewal ability,
multidirectional differentiation potential, easy
availability, wide supply sources, and low adverse
effects. In surgery, ASC can accelerate wound healing,
inhibit scar formation and improve skin aging (Nurkovi¢
et al. 2017).

In terms of cell physiological characteristics, MSC
can be healthy or pathological (Fallahnezhad et al.
2016), and the viability and proliferation of pathological
MSC (e.g., MSC in a high glucose microenvironment)
are significantly impaired. Zare et al. (2020) used LLLT
irradiation at a wavelength of 632.8 nm, an energy
density of 1 J/cm?, and a frequency of one to two times
to improve the proliferation of MSC in a high glucose
microenvironment.

CELL CULTURE MEDIUM

Cell culture media also affect the biological effects of
LLLT on MSC. The commonly used cell culture media
are modified Eagle’s medium (DMEM) and osteogenic
induction medium (ODM). Peng et al. (2012) compared
the effects of LLLT on MSC in ODM and DMEM media
and showed that different biological effects could
be exhibited under different cultural conditions. In
DMEM, LLLT promoted MSC proliferation but did not
induce osteogenic differentiation, while in ODM LLLT
promoted MSC osteogenic differentiation but inhibited
its proliferation. Another research study found that
LLLT had no effect on the biological effects of MSC in
DMEM but significantly promoted the proliferation and
osteogenic differentiation of MSC in ODM, significantly
upregulated the expression of bone bridge protein gene,
an important marker of MSC osteogenic differentiation,
and promoted the formation of mineralized nodules (Yang
etal. 2016).

LASER IRRADIATION
DURATION OF IRRADIATION

Irradiation time can affect the biological effect of LLLT
on MSC, and the irradiation time was not positively
correlated with the biological effect of MSC. Amaroli
et al. (2018) used LLLT at 808 nm to irradiate MSC
for 5, 10 and 15 days. They found that the expression
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of Runx2, an important early marker of osteogenic
differentiation, started to increase at 5 days, reached its
maximum at 10 days, and decreased at 15 days. In another
study, MSCs exposed to LLLT were divided into three
groups and irradiated for 1 h, 2 h, and 3 h, respectively,
and then the researchers measured the effect of cell
proliferation and found that 1 h had the greatest effect on
cell proliferation; and all three groups showed different
degrees of promotion and increase in cell proliferation
(Yin et al. 2017). Therefore, when LLLT regulates the
biological effects of MSC, the duration of irradiation
must be controlled in order to achieve the desired results.

FREQUENCY OF LASER IRRADIATION

The frequency of LLLT irradiation had a large effect
on the biological effects of MSC. Almeida-Jr. et al.
(2019) compared the effect of single and multiple LLLT
irradiation on MSCs, with an interval of 6h between
multiple LLLT irradiations, and showed that 3 times
LLLT irradiations were more effective in promoting
MSC proliferation than single irradiation under the
same conditions. Considering that the frequency of
LLLT irradiation may cause different energy received
by MSC, they also compared the effect of applying one
LLLT irradiation with that of three LLLT irradiations at
the same energy level on MSC, and the results showed
that LLLT irradiation in three sessions promoted MSC
proliferation better when the total energy received by
the two groups was the same. Researchers compared
the effect of multiple versus single application of LLLT
on MSC, and irradiated cultured MSC with multiple or
single LLLT irradiation within 13 days (every two days
as an irradiation cycle), and found that the number of
MSC was higher than the control group only 2 days after
irradiation with single LLLT irradiation, while it was
consistently higher than the control group with multiple
LLLT irradiation. They (40) further found that multiple
LLLT irradiation further improved the osteogenic
differentiation of MSC (Li et al. 2013).

IRRADIATION SPOT SIZE

The irradiated area of LLLT is closely related to the
energy density. de Villiers, Houreld and Abrahamse
(2011) used a spot with an irradiated area of 9.1 cm? and
an energy density of 5 J/cm? to irradiate MSC, which
covered the entire surface of the culture wells, and
found that the number of MSC in the LLLT group was
significantly higher than in the control group within 3
days after irradiation. de Andrade et al. (2019) used a
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very small spot (0.028 cm?) to irradiate MSC and found
that it also promoted MSC proliferation, however, they
did not describe how the very small spot irradiated the
MSC in the entire well. Usually, a reliable method is to
irradiate the entire MSC in the culture well by scanning
(Pasternak-Mnich et al. 2019). However, it has also
been shown that LLLT irradiation can have a beneficial
biological effect on MSC even if the area irradiated by
LLLT is less than 1/10 of the culture well area (Ferreira
et al. 2019).

LIGHT FLUX DISTRIBUTION FORM

LLLT beam delivery systems can be divided into two
types based on the light flux distribution: the ‘standard’
beam delivery system (Gaussian light flux distribution)
and the ‘flat-top’ beam delivery system (uniform light
flux distribution). Hanna et al. (2019) showed that the
‘flat-top’ beam delivery system is more beneficial for
osteogenic differentiation of cells due to the uniform
distribution of energy at various points on the cross-
section of the emitted light spot, which helps to increase
the biological activity of the cells. On the contrary, the
‘standard’ beam delivery system emits light with a high
center and low peripheral energy distribution, which
may have less impact on the biological effects of MSC
(Boliikbast Ates et al. 2020).

LIMITATIONS

Heterogeneity of experimental conditions Differences
in LLLT parameters, MSC types, and culture conditions
make it difficult to directly compare results across studies.

Lack of standardization There is no standardized method
for studying the interaction between LLLT and MSCs,
which can make it difficult to interpret and reproduce
results.

Poor understanding of molecular mechanisms The
molecular mechanisms by which LLLT regulates MSCs
are not fully understood, limiting the ability to optimize
treatment protocols for specific clinical applications.

Limited Clinical Trials Most of the research on LLLT-
MSC interactions has been in vitro or in animal models,
with limited clinical trials to evaluate safety and efficacy
in humans.

CONCLUSIONS

LLLT as a physical method to regulate MSC has the
advantages of being simple, cheap, and efficient, and

can be combined with other chemicals to regulate the
biological effects of MSC. The proper use of LLLT
can promote the proliferation and osteogenic
differentiation of MSC, which has important applications
in bone tissue engineering. Given the limitations of the
experimental conditions and the heterogeneity of the
methods, it is often difficult to design experiments that
can include all the influencing factors at the same time.
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