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Abstract

In spinal cord injury (SCI), inflammation is a major mediator of damage and loss of function and is regulated primarily by the
bone marrow-derived macrophages (BMDMs). Photobiomodulation (PBM) or low-level light stimulation is known to have anti-
inflammatory effects and has previously been used in the treatment of SCI, although its precise cellular mechanisms remain
unclear. In the present study, the effect of PBM at 810 nm on classically activated BMDMs was evaluated to investigate the
mechanisms underlying its anti-inflammatory effects. BMDMs were cultured and irradiated (810 nm, 2 mW/cm?) following
stimulation with lipopolysaccharide and interferon-y. CCK-8 assay, 2',7'-dichlorofluorescein diacetate assay, and ELISA and
western blot analysis were performed to measure cell viability, reactive oxygen species production, and inflammatory marker
production, respectively. PBM irradiation of classically activated macrophages significantly increased the cell viability and
inhibited reactive oxygen species generation. PBM suppressed the expression of a marker of classically activated macrophages,
inducible nitric oxide synthase; decreased the mRNA expression and secretion of pro-inflammatory cytokines, tumor necrosis
factor alpha, and interleukin-1 beta; and increased the secretion of monocyte chemotactic protein 1. Exposure to PBM likewise
significantly reduced the expression and phosphorylation of NF-«kB p65 in classically activated BMDMs. Taken together, these
results suggest that PBM can successfully modulate inflammation and polarization in classically activated BMDMs. The present
study provides a theoretical basis to support wider clinical application of PBM in the treatment of SCI.
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Introduction

Spinal cord injury (SCI) typically occurs in two main stages. The
acute stage is usually caused by direct trauma and cannot be
reversed, while the second stage develops from acute injury
which is characterized by factors such as excitotoxic damage,
hemorrhage, ischemia, and a dramatic inflammatory response,
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which in turn leads to cell death and scar formation and finally
cause permanent loss of moto function of patients [1]. Studies
have found that the inflammatory response is essential to the
second stage of SCI [2], and that macrophages are the most
important participants in the inflammatory response [3-5].
Monocytes participating in SCI predominantly belong to two
groups: bone marrow-derived macrophages (BMDMs) and spe-
cialized central nervous system (CNS)-resident microglia. The
role of BMDMs appears to be more important than microglia
during SCI, pathological process, as they occupy the center of the
lesion site and secrete a large number of cytotoxic substances
[6-8]. Macrophages can be polarized into either classically acti-
vated macrophages (M1 phenotype) with neurotoxicity or alter-
natively activated macrophages (M2 phenotype) with anti-
inflammatory and prosthetic effects under different microenvi-
ronment [9]. Different from other tissue damage repair processes,
during SCI, M1 cells continue to dominate in damage area, while
there is only a transient increase in M2 cells, and the special
polarization characteristics of macrophage in SCI pathological
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process exacerbate the difficulty of SCI injury repair [10-12].
Regulating the polarization of macrophages during SCI,
inhibiting polarization into M1 cells and increasing polarization
into M2 cells, can promote damage repair [13—16].
Photobiomodulation (PBM), also known as low-level light
irradiation (LLLI), uses low doses of light from a near-infrared
laser to achieve therapeutic effect and has been applied to
treatments of various diseases [17]. PBM can significantly
reduce the expression of inflammatory mediators, reduce pain
and edema, and stimulate collagen remodeling [18-21]. Based
on the above advantages, PBM has previously been used in
spine transection and contusion animal models, with notable
beneficial effects to reduce inflammation [22-26]. PBM has a
significant effect on the infiltration and activation of
macrophages/microglia and can downregulate the expression
of pro-inflammatory factors such as interleukin 6 (IL-6), tu-
mor necrosis factor alpha (TNF-«), and inducible nitric oxide
synthase (iNOS) while upregulating the expression of inter-
leukin 10 (IL-10). Our investigation has showed that PBM at
810 nm in a SCI rat model revealed that PBM had neuropro-
tective effects, promoted function recovery, and changed the
polarization of macrophage at the site of spinal lesion, de-
creasing the proportion of M1 macrophages and increasing
the number of M2 macrophages [26]. However, we did not
distinguish between BMDMs and microglia in this previous
experiment. It remains unclear whether PBM is effective on
BMDMs, which play a vital role during SCI. Many studies
have found that PBM can suppress the expression of M1 mac-
rophage its pro-inflammatory mediators [27-31]. However,
the experimental parameters in these studies, including energy
density, total energy, and especially wavelength, were differ-
ent from those of our studies. More importantly, most of these
studies used macrophage cell lines. Due to the differences
between immortalized cell lines and primary cells, and the
unique microenvironment of the SCI lesions, previous studies
may not have accurately inferred the effects of PBM on
BMDMs during spinal cord injury. To determine the effect
of PBM on M1-type BMDM:s, the present study used PBM
(810 nm) to treat on classically activated BMDMs and mea-
sured the effect of PBM on inflammatory markers and mac-
rophage activation. This study will deepen our understanding
of the molecular mechanisms underlying PBM treatment, par-
ticularly in the treatment effects of SCI, and promote clinical
application of PBM in the treatment of spinal cord injury.

Methods
Differentiation and stimulation of macrophages
BMDMs were derived from bone marrow precursors of 6—8-

week-old BALB/c mice as described by Meerpohl et al. [32].
All procedures were performed following the guidelines
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established by the Animal Care Ethics Committee of the
Fourth Military Medical University, Xi’an, P.R. China. All
necessary care was taken to minimize the suffering of the
animal during sacrifice. Cells were seeded at 1 x 10° cells/
mL of medium in 12-well cell culture plates. BMDMs cells
were induced into MO-type macrophages by M-CSF condi-
tioned medium (10% FBS, 1% penicillin streptomycin double
antibody, DMEM high-sugar medium, 10 ng/mL M-CSF) for
7 days. Then MO-type macrophages were cultured with
100 ng/mL LPS (from E. coli, 0111.B4; Sigma Aldrich,
USA) and 10 ng/mL IFN-gamma (from E. coli, PeproTech,
USA) [33] at 37 °C with 5% CO, in a humid atmosphere for
24 h, which were induced into M 1-type macrophages.

Photobiomodulation

A MW-GX-808 diode laser system was used for PBM (Lei
Shi Optoelectronics Co., Ltd. Changchun, China). It
employed a wavelength of 810 nm and 150 mW output power
and had a 4.5 cm? light spot. An optic fiber and a collimating
mirror were used to irradiate the cells immediately after stim-
ulation. The fiber and collimating mirror were positioned
above the irradiation plane at a distance appropriate for opti-
mal expansion of the ray (approx. 5.5 cm). The power was
measured using a Laser Mate power meter (Daheng optical,
Shanghai, China).

M1 macrophages were randomly divided into four groups
on the basis of treatment factor: control (ctrl), 0.4 J, 4 J, and
10 J groups. The number of cells was equal in each group.
Wells of M1 macrophages were irradiated at 2 mw/cm? for
445 (0.41]),440 s (4 J), and 1111 s (10 J) at 37 °C, 5% CO,
incubator (Thermo Scientific, USA). During irradiation, the
control plates were positioned in a covered box near the irra-
diated plate.

Immunofluorescence staining

The cells were transferred into confocal dish and washed with
PBS three times, 5 min/time; the cells were fixed with para-
formaldehyde for 15 min, permeabilized using 0.3% Triton X-
100 for a total of 15 min, and blocked with 1% FBS at room
temperature for 40 min. The samples were incubated at 4 °C
overnight with rat anti-F4/80 or rabbit polyclonal anti-iNOS
(both 1:400, Abcam, Cambridge, MA) or rat anti-CD86 or
rabbit anti-CD206 (both 1:300, Abcam, Cambridge, MA).
After the primary antibody was removed, the samples were
washed with PBS three times, 5 min/time, followed by incu-
bation in the dark at room temperature for 40 min with either
Alexa Fluor 488-conjugated goat anti-rat secondary antibody
or Alexa Fluor 594-conjugated donkey anti-rabbit secondary
antibody (both 1:500, Absin, Shanghai, China).
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Cell viability assay

Cell viability was determined using a Cell Counting Kit-8
(Dojindo, Japan) according to the manufacturer’s instructions.
Twenty-four hours after irradiation, cells were incubated with
the CCK-8 agent and incubated at 37 °C in a humidified
incubator containing 5% CO, for 4 h. The absorbance was
measured at 450 nm using an automated microplate reader
(Bio-Tek, USA).

ROS formation assay

The intracellular ROS levels were measured using 2,7-
dichlorodihydrofluorescein diacetate (H,DCF-DA; Nanjing
Jiancheng Bioengineering Institute). After maturation of the
BMDMs, the cells were seeded in a 96-well plate at a density
of 10* cells/well and then irradiated as previously described.
After irradiation, 20 uM DCF-DA was added to the macro-
phage medium, and the fluorescence of DCF was detected 2 h
later using a fluorescent microplate reader (Bio-Tek, USA) at
an excitation wavelength of 485 nm and an emission wave-
length of 525 nm.

Reverse transcription quantitative real-time PCR

To determine the transcript levels of the genes being investi-
gated, MO-type and M 1-type RNA was isolated from the total
cell lysate using the Total RNA Kit I 6 h after PBM treatment
(Omega Bio-tek, USA) and was transcribed into cDNA using
a reverse transcription kit (TaKaRa, Kyoto, Japan) according
to the manufacturer’s instructions. Real-time PCR was per-
formed using a CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad Laboratories, CA, USA) in conjunction with
PrimeScript™ RT Master Mix (TaKaRa). The 3-actin gene
was used to normalize gene expression by parallel amplifica-
tion and calculate the relative mRNA expression levels of the
target genes. The PCR primer sequences are listed in Table 1.

Table1 gRT-PCR primers used to detect TNF-ot, INOS, IL-13 and MCP-1

Gene

TNF-«  Forward  5-TTCAGGCAGGCAGTATCACTCATTG-3'
Reverse  5-GTGGTTTGTGAGTGTGAGGGTCTG-3'

iNOS Forward  5-ATCTTGGAGCGAGTTGTGGATTGTC-3'
Reverse 5-TTCAGGCAGGCAGTATCACTCATTG-3'

IL-1B3 Forward  5-TTCAGGCAGGCAGTATCACTCATTG-3'
Reverse 5'-ACACCAGCAGGTTATCATCATCATCC-3'

MCP-1 Forward  5-TTCAGGCAGGCAGTATCACTCATTG-3'
Reverse 5-TTCAGGCAGGCAGTATCACTCATTG-3

ELISA

ELISA was performed 24 h after treatment with PBM. The
amount of secreted TNF-«x protein was assessed in the culture
supernatant using the TNF-o ELISA kit (BOSTER, Wuhan,
China), according to the manufacturer’s protocol. The amount
of secreted IL-13 protein was similarly assessed in the culture
supernatant using the IL-13 ELISA kit (BOSTER, Wuhan,
China), according to the manufacturer’s protocol. MCP-1 se-
cretion was measured using the MCP-1 ELISA kit
(InvivoGen, San Diego, USA). The absorbance of each well
was measured at a wavelength of 450 nm using a conventional
plate reader (Shanghai Spectrophotometer Co. Ltd., China).

Western blot analysis

Western blot analysis was performed 24 h after treat-
ment with PBM. SDS-PAGE and immunoblotting were
performed according to standard procedures. Briefly,
cells were lysed in RIPA buffer on ice, and after sepa-
rating the protein samples on 10% SDS polyacrylamide
gels, total protein was transferred to 0.22 mm PVDF
membranes (Millipore). The membranes were probed
overnight with the antibodies, rabbit anti-iINOS (1:500,
Santa Cruz, Texas, USA), rabbit anti-NF-kB p65
(1:1000, Cell Signaling Technology, USA), and rabbit
anti-Phosphor-NF-kB p65 (1:1000, Cell Signaling
Technology) at 4 °C, and the bound antibodies were
tagged with a HRP-conjugated secondary antibody
(A0216; Beyotime Biotechnology, China) at room tem-
perature for 1 h. Use Trident femto Western HRP
Substrate (GeneTex) to develop the membranes, which
were imaged and analyzed using an Odyssey infrared
imaging system (LICOR Bioscience). An anti-
glyceraldehyde phosphate dehydrogenase (GAPDH,
1:1000, Abcam plc, Cambridge, UK) antibody was used
as an internal control.

Statistical analysis

Image J pro-plus software (Media Cybernetics, USA) was
used to analyze fluorescence intensity; Image J software
(National Institutes of Health, Bethesda, MD) was used
for the analysis of the bands. SPSS 19.0 (IBM Corp.,
USA) was used for statistical analysis. All experiments
were performed at least in triplicate independently.
Quantifiable data are expressed as mean values + standard
deviations (SD) of the mean. Statistical comparisons were
made using one-way analysis of variance (ANOVA), and
multiple comparisons between groups were performed
using Turkey’s test. Statistical significance was set at *P
<0.05, **P<0.01, and ***P <0.001.
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Results
Identification of macrophages

F4/80 is the marker of macrophage; iNOS is the marker
of Ml-type macrophages. The results from immunoflu-
orescence showed that, after adding LPS and IFN-y, the
ratio of F4/80"iNOS* macrophages in M1 group (86.3 +
3.8%) was significantly higher than that in MO-type
macrophages group (10.9+£2.1%) (P<0.01). (Fig. la
and b).

Effect of PBM on cell viability in classically activated
BMDM

A CCKS assay was used to determine if PBM treatment had
any effect on the viability of classically activated BMDMs. A
total of 4 J PBM-treated group has increased cell viability
compared with that of the control group (Fig. 2a). Notably,
the viability of classically activated macrophages in the 4 J
PBM increased significantly from 1.000+0.069 to 1.37 +
0.216 (P= 0.0207). The 4 J group had a significantly higher
cell viability than that of the 0.4 J group (from 1.017 +0.027

Fig. 1 Identification of
macrophages. a The upper panel,
after stimulated by M-CSF,
macrophages marker F4/80 was
significantly expressed. The low-
er panel, MO macrophages were
induced by LPS + INF-y for 24 h;
M1 macrophages marker iNOS
were significantly expressed. Bar,
200 pm. b The ratio of F4/80 +
iNOS + cells in the M1 group was
significantly improved compared
with the MO group. (**P<0.01)
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to 1.374+0.216, P= 0.0264) and the 10 J group (from 0.879 +
0.079 to 1.37+0.216, P= 0.0043).

The effect of PBM on intracellular ROS levels
in classically activated BMDMs

A DCF-DA assay was used to measure the intracellular ROS
generation of classically activated BMDMSs following PBM
treatment. At 2 h after PBM treatment, the DCF fluorescence
intensity of the 10 J group increased significantly compared
with that of the control group (from 0.571 £0.051 to 0.867 +

0.090, P< 0.001), suggesting that ROS generation in the 10 J
group was significantly increased compared with that of the
control group (LPS + INF-y stimulated) (Fig. 2b). However,
the 0.4 and 10 J groups did not show any significant changes
2 h after PBM treatment. The DCF fluorescence intensity of
the 10 J group also exceeded that of the 0.4 J (0.582 +0.094 vs
0.867+0.090, P< 0.001) and 4 J groups (0.643+0.089 vs
0.867+0.090, P< 0.001). At 24 h post-irradiation, the DCF
fluorescence intensity of the 4 J group was significantly de-
creased compared with that of the control group (from 0.481

+0.076 to 0.264 =0.048 P = 0.0296), suggesting a noticeable
decrease in ROS activity in these groups. The DCF

**
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Fig. 2 Effect of
phosphobiomodultion (PBM)
on cell viability and ROS pro-
duction. a 24 h after stimulation
and irradiation, bone marrow-
derived macrophages (BMDMs)
were incubated with the indicated
concentration of CCK-8 agent for
4 h. Cell viability is expressed as
means = SD (*P <0.05, **P

< 0.01 vs. control group, n>3
independent experiments for each
group). DCF fluorescence of the
control (ctrl) and PBM (0.4 J, 4]
and 10J) groups (b) 2 and (¢) 24 h
after PBM irradiation. The fluo-
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fluorescence intensity of the 10 J group was much higher than
that of the 4 J group (from 0.476 +0.080 to 0.264 +0.048
P=0.0337) (Fig. 2¢).

Effect of PBM on the expression of cytokine
and chemokine genes in classically activated BMDMs

RT-PCR was employed to determine the relative expression of
relevant genes in MO and M1 macrophages in response to 0.4,
4, and 10 J of PBM. Compared with MO group, the expression
of iNOS, IL-13, TNF-«, and MCP-1 in the M1 group were
significantly higher than MO group (P <0.0001). The results
showed that MO macrophages were successfully polarized
into M1-type macrophages after being treated with LPS and
interferon for 24 h (Fig. 3). There was no statistical difference

Fig. 3 RT-PCR was used to 1200
determine the expression of 800
relevant genes in MO and M1

. \
macrophages in response to 0.4,

4, and 10 J of PBM. The
expression of iNOS, IL-1(3, TNF-
«, and MCP-1 in the M1 group
was significantly higher than MO
group (P <0.0001). There was no
statistical difference of relative
gene expression between M0
group and MO +0.4 J, MO +4 J,
and MO + 10 J groups
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ofrelative gene expression between MO group and MO + 0.4 J,
MO +4 J, and MO+ 10 J groups.

The TNF-a mRNA expression in the 0.4 J and 4 ] PBM
groups decreased substantially compared with that of the
control group (downregulated to 0.669 + 0.192-fold of the
control in the 0.4 J group and 0.647 + 0.08-fold of the con-
trol in the 4 J group, P= 0.032 and 0.023, respectively;
Fig. 4a). Although the relative TNF-oc mRNA expression
of'the 10 J PBM group decreased compared with that of the
control group, the difference was not statistically signifi-
cant (Fig. 4a). We also investigated the impact of PBM on
the classic polarization marker iNOS. After irradiation, the
mRNA levels of iNOS significantly decreased in all PBM-
treated groups. The relative mRNA expression of iNOS
was downregulated to 0.714 +0.109-fold of the control in
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MO0+0.4J
MO+4J
MO+10J
M1
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Fig. 4 Effect of PBM on the a TNF-a HO b iNOS 3 0
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the 0.4 J group, 0.774 £0.039 in the 4 J group, and 0.818 +
0.144 in the 10 J group (P= 0.001, 0.007, and 0.031,
respectively). However, no significant differences were de-
tected among the PBM groups (Fig. 4b). The relative IL-
13 mRNA levels similarly significantly decreased com-
pared to the control in the 0.4 J (reduced to 0.587 +
0.189-fold of the control, P= 0.012) and 4 J PBM groups
(reduced to 0.605+0.145-fold of control, P=0.017), but
no statistically significant difference was detected between
the control and the 10 J PBM group. Among the PBM
groups, the IL-13 mRNA expression was significantly
higher in the 10 J group than in the 0.4 J (0.714+0.109
vs 0.975+0.278, P=0.019) and 4 J groups (0.774 £ 0.039
vs 0.975+£0.278, P=0.026) (Fig. 4c). We also investigated
the mRNA levels of MCP-1 (CCL2), but no statistically
significant differences were observed between the groups
(Fig. 4d).

Impact of PBM on the polarization state of classically
activated BMDMs

To study the effects of PBM on the polarization state of classi-
cally activated macrophages, we measured the protein levels of
the polarization markers iNOS by western blotting and TNF-«,
IL-1f3, and MCP-1 by ELISA. According to western blot analy-
sis, the expression of iNOS protein at 24 h after PBM treatment
decreased from 1.000+0.077 to 0.550 +0.230-fold in the 0.4 J
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group compared to that of the control (P= 0.025). The iNOS
expression in the 4 J group similarly decreased, from 1.000 +
0.077 to 0.214 +0.01-fold (P= 0.001). In the 10 J group, there
was a slight decrease in iNOS expression of 0.716 +0173-fold
relative to the control, but this was not statistically significant
(P=0.169) (Fig. 5a and b).

ELISA assays were performed to measure the amount of
secreted TNF-«, IL-1[3, and MCP-1. The mean supernatant
levels of TNF-« in the 4 J PBM group decreased significantly
compared to that of the control group (from 270.480 £26.83 1
to 209.365+5.600 pg/mL, P= 0.013) (Fig. 5¢). A similar
pattern was observed in the 10 J PBM group (from 70.480 +
26.831 to 201.829 £18.070 pg/mL, P= 0.0064). However,
the mean supernatant level of TNF-« in the 0.4 ] PBM group
did not change compared to that of the control group (270.480
+26.831vs.272.921 +13.507 pg/mL, P= 0.999). Among the
PBM groups, the secretion of TNF-« in the 0.4 J group was
significantly higher than that of the 4 J and 10 J groups (p =
0.01 and 0.005, respectively; Fig. 5¢). The mean supernatant
levels of IL-13 (Fig. 5d) in the 0.4 J PBM group were signif-
icantly lower than that of the control group (49.406 + 11.304
vs. 78.362 £2.760 pg/mL, P= 0.0054). The mean supernatant
level of IL-13 in the 4 J PBM group similarly decreased com-
pared to that of the control (from 78.362 +2.760 to 55.156 +
7.390 pg/mL, P= 0.019). In the 10 J group, the secretion of
IL-13 was not significantly different to that of the control. In
the 0.4 J group, MCP-1 secretion increased to 141.502 +
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Fig. 5 Effect of PBM on the expression of iNOS, TNF-«, IL-13, and
MCP-1 proteins. Relative expression of iNOS (a and b), TNF-« (¢), IL-
133 (d), and MCP-1 (e) in the control and PBM groups. GAPDH was used

PBM(J)

14.426 from 57.274 +30.503 pg/mL in the control group (P =
0.006). In the 10 J group, MCP-1 secretion increased to
141.406 +16.920 pg/mL (P =0.006). MCP-1 also increased
slightly to 71.990 +21.350 pg/mL in the 10 J group, but there
was no statistically significant difference with respect to the
control (p =0.839). The secretion of MCP-1 in the 0.4 J and
4 J groups significantly exceeded that of the 10 J group
(P=0.019 and 0.019, respectively; Fig. Se).

NI

as a loading control. The protein expression levels are expressed as mean
+SD (*P <0.05, **P < (.01 vs. control group, n>3 independent exper-
iments for each group)

Inhibition of NF-kB p65 expression
and phosphorylation by PBM in classically activated
macrophages

We further investigated the impact of PBM on the expression
and phosphorylation of the classically activated macrophage
polarization transcription factor NF-kB p65. Compared with
that of the control group, NF-kB p65 expression decreased in

Fig. 6 Effect of PBM on the a b NF-kB p65
expression and i " + o+ 4 1.51 i ——
phosphorylation of NF-kB p65. 3 | 0.4
(a and b) Relative expression of PBM - + + + s -
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the irradiated groups. Specifically, in the 4 J group, the expres-
sion decreased from 1.000+0.201 to 0.431+0.161-fold,
P=0.047. In the 10 J group the expression of NF-kB p65 also
decreased slightly compared to that of the control (from 1.000

+0.200 to 0.480=+0.233-fold, P= 0.070). The expression of
NF-kB p65 in the 0.4 J PBM group was not significantly dif-
ferent to that of the control (P =0.107). There were no statisti-
cally significant differences in NF-kB p65 expression between
PBM treatment groups (Fig. 6a and b). Next, we examined the
influence of 810 nm irradiation on the phosphorylation of NF-
kB p65 (p-NF-kB p65). The relative abundance of p-NF-«xB
p65 decreased significantly in the 4 J group (from 1.00+0.119
to 0.441+0.072-fold, P= 0.021) compared with that of the
control. We also observed a slight reduction in p-NF-kB p65
in the 0.4 J and 10 J groups relative to that of the control, but
this difference was not statistically significant (P= 0.316,
P=0.328) (Fig. 6¢c and d).

Discussion

In the present study, we measured the effects of PBM
(810 nm) on classically activated BMDM:s and observed that
PBM treatment inhibits polarization; suppresses the expres-
sion and secretion of TNF-«, iNOS, and IL-1f3; and also in-
creases the secretion of MCP-1.The PBM of 0.4, 4, and 10 J
had a slight effect on the function of M0 macrophages, but
there was no statistical significance [34]; 4 J PBM has an
inhibitory effect on the expression of inflammatory factors in
M1 macrophages, and the results are much different from
those in the MO group, indicating that PBM has little effect
on normal macrophages without LPS and IFN-y treatment.
PBM also significantly downregulated the expression and
phosphorylation of NF-kB p65. Our results indicate that
PBM treatment of BMDMs at a power of 2 mW/cm? for
440 s (4 J) can increase cell viability and inhibit ROS produc-
tion in classically activated BMDMs.

iNOS is a molecular and cellular marker of classically ac-
tivated macrophages, which is involved in mediating the in-
flammatory response, and induces apoptosis following SCI. It
is also a marker for NO activity, which is considered to be
neurotoxic under conditions of cerebral ischemia [35]. Our
findings indicate that PBM can significantly reduce the ex-
pression as well as secretion of iNOS by M1 BMDMs.
Gavis et al. found that 780 nm LLLI had little effect on
iNOS mRNA expression but increased the production of NO
[27]. Silva et al. used two wavelengths (660 nm and 808 nm)
with a relatively high dose of energy (11-214 J/cm?) to irra-
diate RAW 264.7 cells and found an increase in iNOS expres-
sion [36]. Fernandes et al. found that both 660 and 780 nm
(660 nm, 15 mW, 7.5 J/em?, 20 s, and 780 nm, 70 mW, 2.6 J/
cm2, 1.5 s) laser treatment reduced the expression of iNOS in
J774 cells. However, the different parameters (wavelength,
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power intensities) and cell type (RAW 264.7 vs. BMDM) used
in these studies may explain the divergent observations. This
finding highlights the fact that choosing the right parameters
would be critical for PBM-based treatment of SCI.

TNF-« is a crucial cytokine produced by classically acti-
vated macrophages that hinders the process of wound repair.
In the present study, PBM significantly downregulated the
mRNA levels of TNF-« at 4 h post-irradiation and the secre-
tion of TNF-« remained suppressed at 24 h after irradiation.
These results are consistent with those of previous studies,
further corroborating the fact that PBM treatment can inhibit
the secretion of TNF-« [27, 30, 31]. The effect of laser irradi-
ation on IL-1f3, an important pro-inflammatory cytokine, has
been extensively studied [27, 31]. Our findings confirmed the
results of previous studies that a variety of wavelength/power
settings of lasers can reduce the secretion of IL-13 by M1
macrophages.

Investigation of the effect of PBM on MCP-1 revealed an
increase in secretion at 24 h. However, these changes may be
time-dependent because at 4 h, there was no expression of
MCP-1. As an important pro-inflammatory chemokine, the
impact of PBM on the secretion of MCP-1 has also been well
studied. Gavish et al. found that 780 nm, 2.2 J/cm? LLLI
treatment reduced the LPS-induced secretion of macrophage
MCP-1 by 17+5% (0.1 mg LPS) and 13+5% (1 mg/mL
LPS) at 12 h, compared with that of non-irradiated cells.
However, Leden et al. found that 808 nm irradiation at 0.2 J/
cm? significantly increased MCP-1 secretion in LPS-induced
microglia [27]. These somewhat contradictory findings sug-
gest that different laser irradiation parameters may have wide-
ly varying effects on MCP-1 secretion. MCP-1 may also play
an anti-inflammatory role during macrophage polarization and
SCI. Sierra-Filardi et al. showed that MCP-1/CCR2 influences
macrophage polarization by enhancing LPS-induced IL-10
secretion and MCP-1 blockage led to the expression of M1-
associated genes and cytokines [37]. Kwon et al. found that
MCP-1 plays a vital role in the neuron-macrophage interac-
tion, and upregulation of MCP-1 promoted sensory axon re-
generation [38]. Taken together, these findings suggest that
the role of laser irradiation in promoting MCP-1 secretion
may contribute to nerve injury repair. However, the precise
nature of this interaction requires further experimental
evidence.

The early signaling events that take place in mammalian
cells upon PBM include a burst of reactive oxygen species
(ROS) production [39]. Leden et al. studied the impact of
808 nm PBM on ROS generation by microglia and found that
2 h after PBM treatment at 0.2, 4, 10, and 30 J/cm?, the gen-
eration of ROS in the LPS group was significantly increased
compared with that of the control group (without irradiation
and LPS stimulation) while, at 24 h after irradiation, ROS
generation only increased in the 10 and 30 J/cm? groups
[31]. However, the differences between the LPS stimulated
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group and the irradiated groups were not investigated. Our
results suggest that the effect of PBM on ROS generation in
classically activated macrophages may be dose- and time-
dependent as 2 h after irradiation ROS generation in the 10 J
group was significantly increased compared with the control
group. However, the 0.4 and 10 J groups did not show any
significant changes in ROS levels up till 24 h after PBM
irradiation; then, there was a noticeable reduction in ROS
production.

Macrophage polarization is influenced by a variety of tran-
scription factors, and NF-«kB p65 and its phosphorylated form
are considered as the classical transcription factors for the M1
phenotype [40]. Changes in ROS levels are highly correlated
with NF-kB activation [41-43]. To further explore the related
mechanisms, we investigated the effect of PBM on the classi-
cal macrophage polarization transcription factor NF-kB p65.
We observed significantly decreased NF-kB p65 expression
inthe 4 and 10 J PBM groups. We also found that the 4 ] PBM
group had reduced levels of phospho-NF-kB p65 compared to
that of the control. These findings suggest that 810 nm PBM
may suppress the polarization of classically activated macro-
phages by influencing the activity of transcription factor
NF-kB p65. However, the mechanism of macrophage polari-
zation is complex, and the specific mechanism by which PBM
may regulate polarization requires further investigation.

Conclusion

In conclusion, we found that PBM (810 nm) can directly act
on classically activated BMDMs, inhibit polarization, increase
cell viability, suppress ROS generation, and increase MCP-1
secretion. Furthermore, PBM also suppressed the expression
and secretion of TNF-«, iNOS, and IL-13. PBM can also
significantly decrease the expression and phosphorylation of
NF-kB p65. To the best of our knowledge, this study is the
first to determine the effect of PBM on M1 BMDMs. The
findings of this study can form a basis for the development
of a foundation for PBM-based treatment strategies for SCI in
the future.
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