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ABSTRACT

progression is regulated by the host response to P. gingivalis,
and there is increasing evidence that nonimmune cells such as
human gingival ﬁbroblasts (hGFs) participate in the host
response (4). A number of studies report that hGFs express Tolllike receptors (TLR) and CD14, consistent with the ﬁnding that
these cells respond to LPS (5,6).
NF-jB plays a pivotal role in modulating the cellular signaling mechanism for LPS-induced inﬂammatory response (7–10).
The activation of NF-jB requires phosphorylation of upstream
IKK, which contains two catalytic subunits, IKKa and IKKb
(11,12). Upon stimulation with LPS and proinﬂammatory cytokines, IKK is phosphorylated and activated via upstream TGF-b
activated kinase 1, resulting in further phosphorylation and degradation of IjB in the ubiquitination pathway (8,13–15). NF-jB
then releases from the IjB/NF-jB dimer and translocates from
the cytoplasm into the nucleus, inducing further proinﬂammatory
gene expression and inﬂammatory response. The inhibition of
the NF-jB pathway may thus have a potential therapeutic effect
in degenerative periodontal diseases.
Given that such a diversity of inducers activate NF-jB via the
same IKK-dependent pathway, a model has emerged suggesting
that all NF-jB activators cause oxidative stress that is mainly
responsible for IKK activation and IjB degradation (16,17). This
model is based on several observations: most of NF-jB-inducers
trigger the formation of reactive oxygen species (ROS), and small
heat shock protein 27 (HSP27) is related to ROS. HSP27 is an
important member of small HSP family with a variety of functions
in health and disease, including ATP-independent chaperone activity in response to the oxidative stress and modulation of inﬂammation and regulation of actin cytoskeleton dynamics (18–21). For
example, when overexpressed in response to various stimuli,
HSP27 facilitates phosphorylated IjBa proteasome-mediated proteolysis and enhances NF-jB activity, perhaps accounting for its
anti-apoptotic properties (22). Increased levels of HSP27 expression may render tumors more resistant to host defense mechanisms
and increase the metastatic potential of tumors. HSP27 activity is
regulated by posttranslational modiﬁcations such as phosphorylation. HSP27 is rapidly phosphorylated by MAPKAPK2/3 at two
or three serine residues in response to various extracellular
stresses. Phosphorylation induces the dissociation of HSP27 from
high-molecular weight oligomers into tetramers and dimers, resulting in change of some functions of HSP27. HSP27 contributes to

Heat shock protein-27 (HSP27) is a member of the small HSP
family which has been linked to the nuclear factor-kappa B
(NF-jB) signaling pathway regulating inﬂammatory responses.
Clinical reports have suggested that low-level light therapy/
laser irradiation (LLLT) could be an effective alternative treatment to relieve inﬂammation during bacterial infection associated with periodontal disease. However, it remains unclear
how light irradiation can modulate the NF-jB signaling pathway. We examined whether or not 635 nm irradiation could
lead to a modulation of the NF-kB signaling pathway in
HSP27-silenced cells and analyzed the functional cross-talk
between these factors in NF-jB activation. The results showed
that 635 nm irradiation led to a decrease in the HSP27 phosphorylation, reactive oxygen species (ROS) generation, I-jB
kinase (IKK)/inhibitor of jB (IjB)/NF-jB phosphorylation,
NF-jB p65 translocation and a subsequent decrease in the
COX-1/2 expression and prostaglandin (PGE2) release in lipopolysaccharide(LPS)-induced human gingival ﬁbroblast cells
(hGFs). However, in HSP27-silenced hGFs, no obvious changes
were observed in ROS generation, IKK/IjB/NF-jB phosphorylation, NF-jB p65 translocation, nor in COX-1/2 expression,
or PGE2 release. This could be a mechanism by which 635 nm
irradiation modulates LPS-induced NF-jB signaling pathway
via HSP27 in inﬂammation. Thus, HSP27 may play a role in
regulating the anti-inﬂammatory response of LLLT.

INTRODUCTION
In the development and progression of periodontal disease, it has
been known that inﬂammation following Porphyromonas
gingivalis (P. gingivalis) infection leads to the destruction of
periodontal tissue and resorption of alveolar bone, ultimately
resulting in tooth loss (1,2). A likely candidate for the initiation
of a destructive inﬂammatory response to P. gingivalis is lipopolysaccharide (LPS). This bacterial cell wall component is a potent
stimulator of the innate host defense system (3). Periodontal disease
*Corresponding author email: js3894@chonnam.ac.kr (OkJoon Kim)
†
The ﬁrst two authors contributed equally to this work.

© 2012 Wiley Periodicals, Inc.
Photochemistry and Photobiology © 2012 The American Society of Photobiology 0031-8655/13

199

200

WonBong Lim et al.

regulation of, at least in part, NO and ROS production, iNOS
expression and TNF-a secretion in activated microglia closely (23
–27). HSP27 also plays a negative role in TNF-a-mediated IKK
activation and may be involved in down-regulating IKK activity
after TNF-a stimulation. A rapid and long-lasting activation of
HSP27 in rat primary microglia can be induced by LPS, and the
inhibition of c-Jun N-terminal kinase reduces the LPS-induced
activity of COX-2, TNF-a, IL-6 and monocyte chemoattractant
protein-1 (9). These results have been well summarized in a recent
review (16). This research area is still a matter of intense debate,
with many conﬂicting reports.
Several recent reports have suggested that low level red/near
infrared light irradiation is an effective alternative treatment that
reduces inﬂammation caused by periodontal disease (28–33).
Many physiological studies have reported that low-level laser
treatment (LLLT) and light-emitting diode treatment (LEDT) can
reduce pain and inﬂammation and accelerate wound healing
(34,35). Some studies have also suggested that irradiation at a
wavelength of 635 nm decreases intracellular ROS and mitigates
oxidative stress (36–38). It has also been reported that 635 nm
irradiation decreases inﬂammation by inhibiting prostaglandin
(PGE2) production and COX-1 and -2 mRNA expression in in vitro and in vivo models (34). Although previous studies reported
that LLLT or LEDT can reduce inﬂammation by inhibition of
intracellular ROS generation, it has not yet been systemically
delineated how light irradiation can modulate the NF-jB pathway
in the inﬂammatory state.
The purpose of the present study was to investigate the effects
of 635 nm irradiation on the NF-jB pathway in hGFs in an in
vitro LPS-induced inﬂammation model. Considering the mechanisms of NF-jB activation in the inﬂammatory state, the primary
aim was to determine whether or not 635 nm irradiation modulates activation of transcription factor NF-jB via the HSP27 signaling pathways. In addition, we wished to examine whether or
not 635 nm irradiation led to activation of NF-jB in HSP27silenced cells and to analyze the functional cross-talk between
these factors in NF-jB activation.

MATERIALS AND METHODS
Cell culture. The hGFs were obtained from a healthy 34-year-old adult visiting Chonnam National University Hospital. The gingival tissues were cut
ﬁnely with scissors and cultured in an alpha minimum essential medium
(alpha-MEM; GibcoBRL, MD) supplemented with 10% heat-inactivated
fetal bovine serum (Biomeda Co., CA) and antibiotic antimycotic solution
(100 U mL penicillin, 0.1 mg mL streptomycin, and 0.25 mg mL amphotericin B; Welgene, Daegu, Korea) at 37°C in a 5% CO2 humidiﬁed chamber.
The medium was replaced with fresh medium, and the adherent hGF cells
were allowed to reach ca 70% conﬂuence. The cells were detached using
the trypsin-ethylenediamine tetraacetic acid (trypsin-EDTA: GibcoBRL)
solution and plated again (subcultured). After three times with subculture,
the experiments were performed in 10 cm dishes (1 9 105 cell mL 1).
Chemical treatments. All chemicals were purchased from Sigma–
Aldrich (MO), excepting LPS from Porphyromonas gingivalis, obtained
from Invivogen (CA). LPS (1 lg mL 1) were added to the cell cultures
for inﬂammatory reaction. BMS-345541 (10 lM, IKK inhibitor) or pyrrolidinedithiocarbamate ammonium (PDTC, 1 lM, NF-jB inhibitor) was
added to the cultured cells, simultaneously.
Light source and irradiation. The cultured cell samples were irradiated for 1 h with a light dose of 5 mW cm 2 (total energy: 18 J cm 2)
and chemically treated simultaneously. A manufactured irradiation tool
kit (KNC Wellbeing Co., Korea) was built in a 5% CO2 humidiﬁed
chamber held at 37°C. The source of light for irradiation was a continuous-wave light emitting diode (LED; U-JIN LEDs Co., Korea) with a
wavelength of 635 nm.

HSP27 silencing by siRNA. The sequence of HSP27 small interfering
(si) RNA corresponds to the human HSP27 site (5′-GUCUCAUCGG
AUUUUGCAGC-3′: Dharmacon, Lafayette, CO). A scrambled siRNA (5′CAGCGCUGACAACAGUUUCAU-3′) was used as a control for RNA
interference experiments. To treat the siRNA, cells were plated at a density
of 4000 cells per 1.9 cm2, and 24 h later, the cells were treated with each
siRNA (5 nM) for 1 day. HiPerFect transfection reagent (Qiagen, IL) was
used as a transfection agent for siRNA uptake into cells according to manufacturer’s protocol.
Enzyme-linked immunosorbent assay for PGE2. After the hGFs were
incubated with/without the designated reagent for 24 h in the presence or
absence of irradiation, the amount of PGE2 was measured in the supernatants using a commercially available enzyme immunosorbent assay kit
(R&D System, MN) according to the manufacturer’s protocol. The absorbance of PGE2 was measured at 450 nm using a colorimetric microplate
reader (Biotek, VT).
Luciferase reporter assay. The hGFs were transiently transfected with
NF-jB target sequence linked-luciferase reporter plasmid. Transient transfection was carried out using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions. After transfection, cells were cultured for
24 h, and then irradiations were performed. After irradiation, the cells
were exposed to a-MEM with/without designated reagents for the indicated time. Luciferase activity was measured using the Luciferase Assay
System (Promega) and detected by luminometer GENios Plus (Tecan
Group Ltd., Salzburg, Austria). pCMV-b-gal expression vector was added
to each transfection and the b-galactosidase assay was carried out as
described previously to normalize the transfection efﬁciency. Each transfection was performed in triplicate.
Nuclear extract preparations. The hGFs were rinsed in PBS and then
collected into the Eppendorf tubes. Solution A (10 mM HEPES, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM DTT, 0.05% NP40 pH 7.9, 0.5 mL) was
added and the cells were centrifuged at 805 g for 10 min at 4°C. The
supernatant contained mostly cytoplasmic constituents. To yield a nuclear
pellet, 0.4 mL of solution B (5 mM HEPES, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM DTT, 26% glycerol (vol/vol), 300 mM NaCl, pH 7.9)
was added, and the tubes were mixed thoroughly and placed on a small
rotator shaker for 15 min. Finally, the mixture was centrifuged at
12 000 g for 3 min in the microcentrifuge. The supernatant containing
the proteins from the nuclear extract was removed and transferred carefully to a fresh tube. The nuclear and cytosol extracts were frozen at
80°C in aliquots until Western blotting was done. The protein content
of each sample was determined using the BCA protein assay kit (Thermo
Scientiﬁc, IL).
Western blot analysis. After the hGFs were incubated with/without
the designated reagent for the indicated time in the presence or absence
of irradiation, the medium was removed and washed twice with PBS.
The cell lysates were then prepared in 200 lL of cold lysis buffer (1%
NP-40, 50 mM Tris-Hcl, pH 7.5, 150 mM NaCl, 0.02% sodium azide,
150 lg mL 1 phenylmethanesulfonyl ﬂuoride, 2 lg mL 1 aprotinin,
20 lg mL 1 leupeptin and 1 lg mL 1 pepstatin A). The cell lysates
(30 mg) were separated on a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel and transferred to a polyvinylidene diﬂuoride membrane
(Amersham, CA). The membrane was blocked with a blocking solution
(5% skim milk in TBST [2.42 g L 1 Tris-HCl, 8 g L 1 NaCl, 0.1%
Tween 20, pH 7.6]) for 30 min and rinsed brieﬂy in TBST. The membrane was incubated overnight at 4°C with the anti-p65-NF-jB antibody
(1:1000; Cell signaling, MA), anti-Histone-H1 antibody (1:1000; Santa
Cruz, CA), anti-actin antibody (1:1000; Santa Cruz), anti-phosphoHSP27 antibody (1:1000; Santa Cruz), anti-HSP27 antibody (1:1000;
Santa Cruz), anti-phospho-IKK a/b antibody (1:1000; Santa Cruz), antiIKK a antibody (1:1000; Santa Cruz), anti-IKK b antibody (1:1000;
Santa Cruz), anti-phospho-IjB antibody (1:1000; Cell signaling), antiIjB antibody (1:1000), anti-phospho-p65-NF-jB antibody (1:1000; Cell
signaling), anti-COX-1 antibody (1:1000; Santa Cruz), and anti-COX-2
antibody (1:1000; Santa Cruz) in 5% non-fat skim milk. After rinsing
with TBST, the membrane was incubated for 1 h with anti-rabbit or
anti-mouse horseradish peroxidase-conjugated (1:2000) secondary antibody. Finally, the membrane was washed in TBST and the immunoreactivity of the proteins was detected using an enhanced chemiluminescence
(ECL) detection kit (Amersham) and determined by densitometric analysis using SCION IMAGE software (Scion Corp., MD).
Immunoﬂuorescence assay. For the detection of intracellular location
of NF-jB p65 subunit, hGFs were seeded on four-well chamber slide.
After 1 h of experiment, the cells were ﬁxed in cold 3.8% paraformalde-
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hyde, membrane-permeabilized by exposure to 0.2% Triton X-100 in
cold PBS for 30 min, and blocked in 5% bovine serum albumin (BSA;
in PBST [0.2% Tween-20 in PBS]) at room temperature for 30 min. The
rabbit anti-NF-jB p65 subunit (1:200, diluted in PBST containing 5%
BSA) was then used as the primary antibody and incubated with the cells
for 2 h at room temperature. After sufﬁcient washes with PBST, cells
were incubated with FITC-labeled goat anti-rabbit IgG antibody
(10 lg mL 1 diluted in PBST containing 5% BSA) for 1 h at room temperature in a dark place, and washed with PBST for 10 min. Cells were
then stained with 5 lg mL 1 of DAPI for 30 min at 37°C in a dark
place, followed by sufﬁcient washes with PBS. Stained cells were analyzed using a confocal microscope (Carl Zeiss, Oberkochen, Germany),
excitation wavelength 490 nm and emission wavelength 540 nm for
FITC, excitation wavelength 360 nm and emission wavelength 450 nm
for DAPI.
Detection of total ROS formation. Total ROS were assayed using
2′,7′-dichlorodihydroﬂuorescein diacetate (H2DCF-DA; Sigma–Aldrich)
as described in the previous report (36). To visualize intracellular ROS,
cells were checked immediately after experimental treatment. The hGFs
grown on chamber slides were incubated with 20 lM H2DCF-DA for
20 min. Cells were washed with PBS containing 10 mM glucose, and
DCF ﬂuorescence intensity was monitored using a confocal microscope
(Carl Zeiss) set at the excitation and emission wavelengths of 488 and
525 nm, respectively.
To measure the intracellular ROS levels, the cells were washed with
PBS containing 10 mM glucose and treated with 10 lM H2DCFDA for
20 min. The treated cells were detached using trypsin-EDTA solution,
and the ROS level was analyzed by ﬂow cytometry (Beckman Coulter)
using 485-nm excitation and 530-nm emission ﬁlters.
Statistical analysis. All experiments were carried out in triplicate. Data
are expressed as means ± SD. The results were subjected to an analysis
of the variance (ANOVA) using SPSS for Windows version 12.0 (SPSS
V12.0K; SPSS Inc., Chicago, IL) to analyze the differences. Null hypotheses of no difference were rejected if P-values were less than 0.05.

RESULTS
Effect of 635 nm irradiation on PGE2 release, NF-jB activation and p-65 translocation in IKK or NF-jB-inactivated hGFs
To investigate the effect of 635 nm irradiation on IKK or NF-jB
inhibitor-induced inﬂammation in hGFs, PGE2 release was
assayed in LPS-treated hGFs with or without BMS-345541 or
PDTC (39). Treatment of hGFs with LPS led to an increase in
PGE2 production up to 280 pg mL 1, whereas 635 nm irradiation led to a signiﬁcant decrease in the PGE2 level in the LPStreated hGFs (Fig. 1a). In the BMS-345541 or PDTC-treated
hGFs, no obvious changes in the PGE2 level were detected after
635 nm irradiation.
To investigate the effect of 635 nm irradiation on NF-jB
activity, hGFs were transiently transfected with pNF-jB-Luc
vector (Fig. 1b). NF-jB activity was enhanced 2.0–2.5 fold compared to that in the control following 1 and 24 h treatment of
LPS. However, the increase in NF-jB-dependent luciferase activity was signiﬁcantly suppressed by 635 nm irradiation at 1 and
24 h. The irradiations with 635 nm in BMS-345541 or PDTCtreated hGFs had little effect on NF-jB activity compared to that
in nonirradiated hGFs.
Stimulated NF-jB can induce its translocation into the
nucleus where it binds to the promoter regions of several proinﬂammatory genes. Treatment with LPS signiﬁcantly increased
NF-jB p65 translocation into the nucleus (Fig. 1c). However, in
the presence of 635 nm irradiation, the elevatory nuclear translocation of NF-jB was inhibited in LPS-activated hGFs, thereby
showing that the activation of NF-jB was blocked by 635 nm
irradiation. An additional inhibitory effect of 635 nm irradiation
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on NF-jB p65 translocation into the nucleus was seen in the
BMS-345541-treated hGFs. This effect was not observed in the
PDTC-treated cells. These ﬁndings were supported by immunoﬂuorescence assay data via detection of intracellular location of
NF-jB p65 subunit (Fig. 1d). Irradiation with 635 nm could
inhibit nuclear translocation of NF-jB p65 in LPS-activated
hGFs in the presence or absence of BMS-345541. No obvious
changes in nuclear translocation of NF-jB p65 after 635 nm irradiation were observed in LPS-activated hGFs in the presence of
PDTC.
Effect of 635 nm irradiation on HSP27 phosphorylation in
LPS-treated hGFs
In Fig. 2a, irradiation with 635 nm could signiﬁcantly inhibit
phosphorylation of HSP27 in LPS-induced hGFs. This suggests
that 635 nm irradiation could suppress HSP27 phosphorylation
in LPS-induced hGFs, and decrease stimulation downstream of
HSP27 activation.
To clarify whether or not the HSP27 activation is involved in
the NF-jB pathway, knockdown of HSP27 by small interference
RNA (siRNA) was performed in hGFs. Western blot analysis
conﬁrmed low expression levels of HSP27 in HSP27 siRNA transfected cells compared with control (Fig. 2b).
Effect of 635 nm irradiation on ROS generation in HSP27
siRNA-induced hGFs
On confocal microscopy, 635 nm irradiation led to a decrease in
DCF ﬂuorescence indicating intracellular ROS production in control siRNA-treated hGFs in the presence of LPS (Fig. 3a). On
the other hand, treatment of HSP27-siRNA induced the DCF ﬂuorescence increase in hGFs over all. There were no obvious
changes between LPS-treated group and LPS with 635 nm irradiation-treated group.
Flow cytometry showed DCF ﬂuorescence decreased from
71.7 to 3.2 with 635 nm irradiation in control siRNA-treated
hGFs in the presence of LPS (Fig. 3b). However, 635 nm irradiation could not lead to a decrease in DCF ﬂuorescence in HSP27
siRNA-treated hGFs in the presence of LPS. These results indicated that 635 nm irradiation did not affect the intracellular ROS
level in HSP27-silenced hGFs.
Effect of 635 nm irradiation on IKK, IkB, NF-kB phosphorylation and NF-kB translocation in HSP27 siRNA-induced
hGFs
To investigate the effect of 635 nm irradiation on LPS-induced
activation of IKK and degradation of IjB in HSP27-silenced
hGFs, the phosphorylated and total protein expression of IKK a/
b (two catalytic subunits) and IjB were detected by western
blotting. A signiﬁcant decrease in phosphorylated IjB and IKK
levels was seen with 635 nm irradiation in the presence of LPS
in control siRNA-treated hGFs (Fig. 4a,b). However, 635 nm
irradiation could not decrease the phosphorylation of IjB and
IKK in HSP27 siRNA-treated hGFs.
In Figs. 4c and d, the effect of 635 nm irradiation on phosphorylation of NF-jB p65 subunit at serine 276 and translocation
into the nucleus is compared between control and HSP27 siRNA-treated hGFs in the presence or absence of LPS. In control
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Figure 1. Effects of 635 nm irradiation on BMS-345541 (IKK inhibitor, 10 lM) or PDTC(NF-jB inhibitor, 1 lM)-induced PGE2 release, NF-kB activation and p-65 translocation in P. gingivalis lipopolysaccharide(LPS)-treated hGFs. (a) Release of PGE2 was measured from the culture medium at 24 h,
and these were processed for analysis by ELISA. Signiﬁcant differences were seen at *P < 0.05 compared with control and **P < 0.05 compared with
LPS. (b) The BMS-345541 or PDTC-treated hGFs were transiently transfected with pNF-jB-Luc reporter gene and then treated with 1 lg mL 1 LPS in
the presence or absence of 635 m irradiation for 1–24 h. Luciferase activities were determined as described in the “Materials and Methods” section. The
results are expressed as means ± SD of triplicate tests. Signiﬁcant differences were seen at *P < 0.05 compared with control. (c) The p-65 nuclear translocation was analyzed by western blotting in cytosolic and nuclear fractions at 1 h. Histone-H1 from the nuclear fraction or actin from cytosol were
employed to load the same protein concentration as the loading controls. Densitometric analysis of p-65 in the cytosolic and nuclear fractions represents
the mean ratio ±SD of three separate experiments. Signiﬁcant differences were seen at *P < 0.05 compared with control and **P < 0.05 compared with
LPS. (d) Confocal microscopy observation of nuclear translocation of NF-jB p65 subunit. Immunoﬂuorescence images were acquired by using a confocal microscope stained for NF-jB p65 subunit (green) and nucleus (blue). All magniﬁcations are 2009. All the size bar is 20 lm.

siRNA-induced treated hGFs, irradiation with 635 nm led to a
decrease in the elevatory phosphorylation and nuclear translocation of NF-jB in the presence of LPS, showing that the activation of NF-jB was blocked by 635 nm irradiation. No inhibitory
effect of 635 nm irradiation on NF-jB phosphorylation and
translocation was seen in HSP27 siRNA-treated hGFs.
To conﬁrm the involvement of HSP27 along with 635 nm
irradiation in the NF-jB pathway, the intracellular location of
NF-jB p65 subunit was detected using immunoﬂuorescence
assay (Fig. 4e). Irradiation with 635 nm could inhibit nuclear
translocation of NF-jB p65 in LPS-inuced hGFs in the presence
of control siRNA. No obvious changes in nuclear translocation
of NF-jB p65 were observed with 635 nm irradiation in the
presence of HSP27 siRNA.

Effect of 635 nm irradiation on COX-1/2 expression and
PGE2 release in HSP27 siRNA-induced hGFs
To delineate the anti-inﬂammatory mechanism of 635 nm irradiation in association with HSP27, we examined whether or not
635 nm irradiation could lead to a decrease in COX-1/2 expression and PGE2 release in HSP27 siRNA-treated hGFs. The
635 nm irradiation resulted in a marked decrease in COX-1/2
expression and PGE2 release in control siRNA-treated hGFs in
the presence of LPS (Fig 5a,b). However, 635 nm irradiation
had no effect on COX-1/2 expressions or PGE2 release in the
HSP27 siRNA-treated cells. Therefore, it seems that the expression of COX-1/2 and PGE2 release is decreased by 635 nm irradiation only dependent upon HSP27.
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Figure 2. Phosphorylation of HSP27 and suppression of HSP27 protein
expression by treatment with HSP27 siRNA in P. gingivalis lipopolysaccharide(LPS)-treated hGFs. (a) Western blot assay of hGFs exposed to
LPS (1 lg mL 1) for 1 h with or without irradiation was performed.
Cells were processed for analysis of HSP27 phosphorylation by western
blot utilizing anti-phospho HSP27. The membranes were denuded and
antibodies were directed against nonphosphorylated forms of HSP27 as
controls. The results obtained were similar in the three separate experiments; the mean ± SD was obtained by densitometry, as shown in the
graphic analysis. Signiﬁcant differences were seen at *P < 0.05 compared to control and at **P < 0.05 compared with LPS. (b) The HSP27
protein expression in HSP27-silenced/HSP27-knockout hGFs is represented by western blot assay. The hGFs were treated with 5 nM HSP27
siRNA or control siRNA for 24 h. The cells were exposed to LPS
(1 lg mL 1) for 1 h with or without irradiation. Cells were processed
for analysis of HSP27 by western blot utilizing anti-phospho HSP27.
Membranes were denuded and actin was employed to load the same protein concentration as a loading control.

DISCUSSION
LLLT has gained considerable recognition for its anti-inﬂammatory properties (40,41). In a previous study, LLLT with 635 nm
could reduce inﬂammation as effectively as indomethacin or ibuprofen, well-established anti-inﬂammatory agents (34). Irradiation
with 635 nm was shown to decrease intracellular ROS, which
mediate cPLA2, sPLA2 and COX-2 expression, and inhibit the
release of PGE2. For this intracellular PGE2 synthesis, NF-jB
plays a pivotal role in modulating the cellular signaling mecha-
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Figure 3. The effect of 635 nm irradiation on ROS generation in HSP27
siRNA or control siRNA-treated hGFs in the presence of LPS. (a) Green
ﬂuorescence of DCF-DA, indicating intracellular ROS formation, was
detected by a confocal microscopy. All magniﬁcations are 2009. All the
size bar is 20 lm. (b) The DCF ﬂuorescence distribution is represented
by ﬂow cytometry histograms (x-axis: log of the ﬂuorescence intensity
from 100 to 104; y-axis: cell number from 0 to 100).

nism. Although previous studies have shown that 635 nm irradiation acts as an inﬂammation inhibitor, the mechanism by which
irradiation with 635 nm regulates activation of NF-jB-mediated
inﬂammatory responses has not been described until now. Therefore, a further goal of this study was to explore the mechanisms
underlying the anti-inﬂammatory effect of 635 nm irradiation
involving the NF-jB pathway. In resting cells, NF-jB exists in the
cytosol in a dimeric form of NF-jB and IjB, an associated inhibitory protein. Administration of LPS in vitro or in vivo results in the
activation of the NF-jB upstream signaling regulator IKK, which
further induces phosphorylation and subsequent degradation of
IjB (11,42). The free NF-jB then translocates into the nucleus and
enhances the transcription of proinﬂammatory genes (8). In the
present study, 635 nm irradiation in LPS-induced hGFs signiﬁcantly suppressed the release of PGE2. Moreover, 635 m irradiation suppressed the activation and nuclear translocation of NF-jB
p65 subunit, and thereby showed that the anti-inﬂammatory effect
of 635 nm irradiation may be related to its ability to inhibit the
NF-jB signaling pathway. However, when NF-jB activation is
blocked by a selective inhibitor, 635 nm irradiation did not affect
PGE2 production. In IKK-blocked hGFs, 635 nm irradiation could
not affect the activity and the nuclear translocation of NF-jB p65.
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Figure 4. The effect of 635 nm irradiation on activation of NF-kB pathway in HSP27 siRNA-treated hGFs in the presence of LPS. (a) Phosphorylation
of IKK a/b in HSP27 siRNA or control siRNA-treated hGFs. The hGFs were treated with 5 nM HSP27 siRNA or control siRNA for 24 h. The cells
were exposed to LPS (1 lg mL 1) for 1 h with or without irradiation. Cells were processed for analysis of IKK a/b phosphorylation by western blot utilizing anti-phospho IKK a/b. The membranes were denuded and antibodies were directed against nonphosphorylated forms of IKK a/b as controls. The
results obtained were similar in the three separate experiments; the mean ± SD was obtained by densitometry, as shown in the graphic analysis. Signiﬁcant differences were seen at *P < 0.05 compared with control and at **P < 0.05 compared with LPS. (b) Phosphorylation of IkB in HSP27 siRNA or
control siRNA-treated hGFs. (c) Phosphorylation of NF-jB p65 in HSP27 siRNA or control siRNA-treated hGFs. (d) Nuclear translocation of the p65
in HSP27 siRNA or control siRNA-treated hGFs. The nuclear translocation of NF-kB subunit was analyzed by western blotting in the cytosolic and
nuclear fractions. Histone-H1 from the nuclear fraction or actin from cytosol were employed to load the same protein concentration as the loading controls. Densitometric analysis of p65 in the cytosolic and nuclear fractions represent the mean ratio ± SD from three separate experiments (e) Confocal
microscopy observation of nuclear translocation of NF-jB p65 subunit in HSP27 siRNA or control siRNA-treated hGFs. Immunoﬂuorescence images
were acquired by using a confocal microscope after staining for NF-jB p65 subunit (green) and nucleus (blue). All magniﬁcations are 2009. All the size
bar is 20 lm.
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Figure 5. Effects of 635 nm irradiation on cylooxygenase-1/2 (COX-1/2) expression and PGE2 release in HSP27 siRNA-treated hGFs in the presence
of LPS. (a) The COX-1/2 protein expression in HSP27-silenced/HSP27-knockout hGFs was analyzed by western blot assay. The hGFs were treated with
5 nM HSP27 siRNA or control siRNA for 24 h. And then, the cells were exposed to LPS (1 lg mL 1) for 24 h with or without irradiation. Cells were
processed for analysis of COX-1/2 by western blot utilizing anti-COX-1/2. Membranes were denuded and actin was employed to load the same protein
concentration as a loading control. Densitometric analysis of COX-1/2 represents the mean ratio ± SD from three separate experiments. Signiﬁcant differences were seen at *P < 0.05 compared with control and **P < 0.05 compared with LPS. (b) Release of PGE2 was measured from the culture medium at 24 h, and these were processed for analysis by ELISA.

These data suggest that 635 nm irradiation might play a pivotal
role in modulating inﬂammatory reaction, and its inhibitory effect
on NF-jB activation is dependent on the upstream regulator of
IKK.
HSP27 has been suggested as the factor which could be affected
by 635 nm irradiation leading to activation of NF-jB-mediated
inﬂammatory responses. It is recognized that HSP27 is an important modulator of NF-jB activation through IKK, and its response
is affected by various intra/extracellular stimuli such as redox
potential (43). HSP27 is a stress-responsive protein associated with
reduced stress response in the inﬂammatory state (24,44). HSP27
becomes rapidly phosphorylated at three serine sites (Ser15, Ser78

and Ser82) in response to cytotoxic stress or exposure to cytokines
and mitogen (18,26). Under unstimulated conditions, HSP27 exists
as a high-molecular weight aggregate that dissociates after phosphorylation. The capacity of HSP27 seems to be determined by the
phosphorylation status, and our results show that 635 nm irradiation inhibits phosphorylation of HSP27 in LPS-induced hGFs,
indicating that phosphor-HSP27 is decreased by 635 nm irradiation. The phosphorylation of HSP27 occurs very early during
stress and is tightly regulated. This phosphorylation is caused by
the triggering of a highly speciﬁc heat shock-sensing pathway
(26). Some studies have suggested that HSP27 contributes to maintenance of redox homeostasis and mitochondrial stability in the
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inﬂammatory state, with increased expression of HSP27 during
stress response associated with the redox balance from excessive
ROS generation in cytotoxic stress (45). Since HSP27 deletion in
this study leads the ROS generation in presence or absence of LPS
in hGFs, HSP27 therefore plays a critical role in reduction of oxidative stress through ROS decrease.
ROS is involved in the initiation and progression of inﬂammation. It has been reported that 635 nm irradiation showed not
only an anti-inﬂammatory effect by suppression of COX-2 activation but also an ROS-scavenging effect by constitutive suppression of ROS in arachidonic acid-induced hGFs (34).
Therefore, we examined whether or not 635 nm irradiation could
interact with ROS generation in HSP27-silenced hGFs. In the
presence of LPS, 635 nm irradiation could not decrease the intracellular ROS generation in HSP27-silenced hGFs by HSP27 siRNA treatment indicating the critical role of HSP27 under 635 nm
irradiation of decreasing ROS during inﬂammation.
Oxidative stress due to increased ROS production is thought
to be a major factor contributing to the activation of NF-jB signaling pathway during inﬂammation. Activation of the ROS
pathway is held to be initiated by interactions with membrane
lipids (46). These reactions generate free radicals and stimulate a
cascade that may include other mediators often implicated in
LPS-induced inﬂammation. The ROS-induced cascade appears to
culminate in the rise of HSP27 phosphorylation and an increase
in IKK-IkB phosphorylation. The modulation of NF-jB by low
level light irradiation may well be related to the anti-oxidative,
ROS-scavenging activity, consonant with its ability to suppress
NF-jB activation (47). In the experiments presented in this
study, a signiﬁcant decrease in phosphorylated IjB, IKK and
NF-jB levels by 635 nm irradiation was seen in control siRNAtreated hGFs, resulting in inhibition of NF-jB p65 translocation
into the nucleus. However, 635 nm irradiation could not decrease
phosphorylation of IjB, IKK and NF-jB in HSP27-silenced
hGFs and no obvious changes in nuclear translocation of NF-jB
p65 by 635 nm irradiation were detected. This indicated that
635 nm irradiation could lead to a decrease in ROS generation,
IKK and IK-B phosphorylation, sequentially, through HSP27 in
the inﬂammatory state, thereby leading to reduced nuclear translocation of NF-jB. These results might partially explain the speciﬁc regulation of ROS generation by 635 nm irradiation through
HSP27 in the NF-jB activation pathway. It has been shown that
NF-jB modulation by 635 nm irradiation through HSP27 is
required for down regulation of pro-inﬂammatory gene expression in hGFs. This suggests that HSP27 is essential for 635 nm
irradiation–induced down regulation of COX-2 expression and
inhibition of PGE2 secretion due to its effect on NF-jB.
In conclusion, we here report the novel ﬁndings that 635 nm
irradiation attenuates LPS-induced NF-jB activation in hGFs via
HSP27 leading to inhibition of the intracellular ROS generation
and IKK, IjB phosphorylation (Fig. 6). In addition, inhibition of
the inﬂammatory reaction by 635 nm irradiation can be an effective approach to prevent inﬂammatory responses in LPS-induced
NF-jB activation pathway. This suggests that the role of HSP27
in 635 nm irradiation-induced decrease in inﬂammation is crucial
for regulating LPS-induced inﬂammation during bacterial infection in periodontal disease and HSP27 can be used as a potential
target for anti-inﬂammatory therapy with LLLT.
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Figure 6. A proposed model of LPS-induced activation of NF-jB and
PGE2 release through ROS-HSP27-IKK mediated pathway, along with the
possible points of 635 nm irradiation involvement. The increase of ROS by
LPS stimulation leads to phosphorylation of HSP27 and IKK ab, and hence
promotes COX-2 expression and PGE2 release by increase of NF-jB translocation to the nucleus. 635 nm irradiation is shown to decrease the phosphorylation of HSP27, IKK a and NF-jB translocation, ﬁnally resulting in
a decreased expression of COX-2 and release of PGE2.
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