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the mucous membrane of the oral cavity and can contribute to the

development of other diseases. Inflammation in oral lichen planus is

a T�cell�mediated autoimmune disease that acts through cytotoxic

CD8+ T cells to trigger apoptosis of keratinocytes. However, the

specific cause of oral lichen planus remains unknown and no

effective medical treatment has yet been established. Astaxanthin

is a carotenoid pigment with capacity for anti�inflammatory and

anti�oxidant activities. In this study, we evaluated whether

astaxanthin could be used to improve the pathology of oral

lichen planus by reducing inflammation. In particular, the anti�

inflammatory effects of astaxanthin on the chronic inflammation

caused by lipopolysaccharide derived from Escherichia coli O55

in human gingival keratinocytes (NDUSD�1) were evaluated.

Following astaxanthin treatment, localization of nuclear factor

κB/p65 and the level of inflammatory cytokines (interleukin�6,

tumor necrosis factor�α) tended to decrease, and cell proliferation

significantly increased in vitro. These results suggest that

astaxanthin could be useful for improving chronic inflammation

such as that associated with oral lichen planus.
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IntroductionThe oral mucosa has been demonstrated to play several
important biological functions, including the preservation of

homeostasis and characteristic features that distinguish epithelial
cells from the other somatic cells, maintenance of the mechanical
resistance of the oral epithelium, and creation of a selective
chemical barrier.(1) Oral lichen planus (OLP) is a chronic inflam-
matory disease that affects the mucous membrane of the oral
cavity.(2) The pathogenesis of this disorder involves, a T-cell-
mediated autoimmune reaction in which cytotoxic CD8+ T cells
trigger apoptosis of the keratinocytes.(3) One report indicated that
approximately 1% of OLP patients may develop oral squamous
cell carcinoma,(4) resulting in a decreased quality of life because of
the accompanying pain produced by mastication and swallowing.
In addition, the cytokine-mediated lymphocyte homing mecha-
nism plays an important role in the pathogenesis of OLP. Some of
these cytokines [interleukin (IL)-1, IL-2, IL-6, IL-8, and tumor
necrosis factor (TNF)-α] contribute to the up-regulation of
adhesion molecules.(5) OLP has also been associated with viral or
fungal infections such as hepatitis C virus and human immuno-
deficiency virus,(6) oral candidosis,(7) or allergies to dental metals
such as amalgam or palladium.(8–11) In a recent clinical report,
levels of oxidative stresses such as nitric oxide, hydrogen per-
oxide, and malondialdehyde in the serum or saliva were found to
be significantly increased in OLP patients compared with healthy
subjects, and activities of antioxidants such as superoxide dis-
mutase, catalase, and glutathione were decreased significantly.(3,12,13)

However, the cause of OLP remains unknown and no medical
treatment has yet been established;(14) therefore, only symptomatic
therapy is currently provided for OLP patients. Symptomatic
therapy for bacterial, fungal, or viral infections involves anti-
microbial agents, antifungal drugs, or antiviral agents, and for
patients with an underlying metal allergy, removal of the metal
is the primary treatment.(15,16) The main therapy for chronic
mechanical stimulation of the oral mucosa is the use of a modified,
generic form of a crown. When such treatments do not result
in improvement of these symptoms, immunosuppressive drugs
(predominantly glucocorticoids) are commonly selected.(14,16)

However, glucocorticoid drugs could also lead to major or minor
side effects, including severe infection,(17) osteoporosis, and dia-
betes mellitus, or moon face, skin symptoms, and blood pressure
elevation, respectively.(18) Moreover, the use of immunosuppres-
sive drugs results in a slower response because OLP disease is
more common in elderly patients who are often taking other
types of drugs for underlying diseases. Astaxanthin (AX; 3,3-
dihydroxy-beta, beta-carotene-4,4-dione) is a carotenoid pigment
similar to β-carotene or lycopene, which is classified into the
xanthophyll group of red pigments. Since AX cannot be generated
de novo in the body, it must be obtained through the consumption
of vegetables or fruits. AX is also widely and naturally distributed
among marine organisms, including crustaceans such as shrimps
and crabs, and fish such as salmon and sea bream.(19) In addition,
AX is currently used as a supplement, and clinical and basic
research has shown that extracts of this naturally derived pigment
can defend the body against oxidative stress such as lipid peroxi-
dation,(20,21) singlet oxygen,(22,23) and ultraviolet rays,(24,25) indi-
cating that AX has antioxidant or anti-inflammatory effects.
Therefore, the aim of this study was to evaluate the preventive or
curative anti-inflammatory effects of AX in vitro to improve
lipopolysaccharide (LPS)-induced inflammation in the human
gingival keratinocyte line NDUSD-1.

Materials and Methods

Reagents. LPS from Escherichia coli O55:B5 was purchased
from Wako Pure Chem. Ind., Ltd. (Osaka, Japan). After dissolving
LPS with phosphate-buffered saline (PBS; Wako Pure Chem.
Ind.), it was adjusted to a concentration of 100 μg/ml in keratino-
cyte serum-free medium (K-SFM; GIBCO, Carlsbad, CA). Base-
free AX was obtained from AstaReal Corporation (Tokyo, Japan).
After dissolving it with 99.0% dimethyl sulfoxide (Wako Pure
Chem. Ind.), it was adjusted to a concentration of 10 μM in K-
SFM (AX solution). In addition, a control group without AX-
contained medium was established.
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Cell culture. An immortalized human gingival keratinocyte
cell line (NDUSD-1, obtained from the Pharmacology Department
of the Nippon Dental University School of Life Dentistry at
Tokyo) was used.(26) Cell culture was performed as previously
reported.(27) Briefly, NDUSD-1 cells were seeded at a density of
5.0 × 104 cells/ml on 24-well multi-plates (Corning Incorporated,
Corning, NY) until initial adhesion was reached (day 1). The time
course of the experiment is shown in Fig. 1a and b. In addition,
examination of the preventive anti-inflammatory effects of AX
(Cont. group vs Pre-AX group) or that of the curative effects
(Cont. group vs Post-AX group) was performed by the separate
experimental system, respectively.

Immunocytochemistry staining of nuclear factor κB
(NF�κB)/p65. NDUSD-1 cells were seeded on a PLL-coated
culture cover glass (diameter, 13 mm; thickness, 0.12–0.17 mm;
Matsunami Glass Ind., Ltd., Osaka, Japan) into 24-well multi-
plates at a density of 5.0 × 104 cells/ml. After initial adhesion, the
cells were treated with AX for 24 h (Pre-AX group) or with LPS
(Post-AX group) for 30 min. Subsequently, each group of cells
was treated with LPS for 30 min or AX for 24 h, respectively. In

each experimental condition, the cells were fixed with 4% para-
formaldehyde (Wako Pure Chem. Ind.) for 15 min. Cells were
blocked using Blocking One Histo (Nacalai Tesque, Inc., Kyoto,
Japan) for 10 min and were then incubated with a 0.1% Tween 20/
PBS solution for 5 min at room temperature. Cells were then
incubated with the primary antibody NF-κB p65 (D14E12) XP
Rabbit mAb (1:50; Cell Signaling Technology, Inc., Danvers,
MA) for 24 h at 4°C. Cells were washed 3 times with PBS and
incubated with the secondary antibody anti-rabbit IgG (H + L),
F(ab’)2 fragment (Alexa Fluor 488 Conjugate; 1:1000; Cell
Signaling Technology, Inc.) for 1 h. After the cells were washed
using PBS 3 times, they were mounted with mounting medium
(4'-6-diamidino-2-phenylindole, DAPI) for H-1400 fluorescence
(Vector Laboratories, Inc., Burlingame, CA). Fluorescence was
visualized under a confocal laser microscope (LSM700, Carl
Zeiss, Oberkochen, Germany). In addition, this experiment was
performed twice at least.

Quantity of NF�κB/p65 in the cytoplasm and nucleus.
A total of 4.0 × 106 NDUSD-1 cells were seeded in 60-mm cell
culture dishes (FARCON; Becton Dickinson, Franklin Lakes,

Fig. 1. Time course of the experimental design. (a) Time course of evaluation of the preventive effect of astaxanthin (AX). The timings of medium
changes, addition of each reagent, and the course of the experiment from initial cell adhesion (day 1) onward are indicated. A control group was
established with only dimethyl sulfoxide (DMSO) in keratinocyte serum�free medium (K�SFM), and the Pre�AX group was established with AX added
to the medium. Each medium was changed to lipopolysaccharide (LPS)�containing medium after treatment by each reagent for 0, 48, and 96 h. (b)
Time course of the evaluation of the curative effect of AX, showing the timing of the experiment from initial cell adhesion (day 1) onward. A
control group was established with only DMSO in K�SFM and a Post�AX group was established with AX in the medium. After treatment with LPS�
containing medium for 24 h, each group was changed to DMSO�only medium or AX�added medium for 0, 48, and 96 h.
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NJ). After initial adhesion, in each experimental condition the
same as “Immunocytochemistry staining of NF-κB/p65”, the cells
were handled using Nuclear Extraction Kit (IMGENEX Co., San
Diego, CA), and the cytoplasmic and nuclear fractions were
collected and stored at 4°C or −80°C until analysis. Each fraction
was treated with the NF-κB/p65 ActivELISA Kit (IMGENEX Co.)
according to the manufacturer’s protocol. Analysis of NF-κB/p65
in the cytoplasmic fraction and nuclear fraction was determined
based on absorbance at 450 nm a microplate reader (Bio-Rad
Laboratories, Inc., Tokyo, Japan).

Cytokine assay. To evaluate the anti-inflammatory effects
of AX, the levels of inflammatory cytokines (TNF-α, IL-1β, and
IL-6) were measured with an enzyme-linked immunosorbent

assay (ELISA) kit (BioLegend, Inc., San Diego, CA). According
to the schedule and the protocol (Fig. 1), the supernatant fluid was
collected from each cell culture and stored at −80°C until analysis.
The absorbance of the supernatant was measured, and a standard
curve was prepared from the absorbance readings obtained for the
standard solution at each concentration at a wavelength of 450 nm
on a micro-plate reader. Based on the standard curve, the concen-
trations of TNF-α, IL-1β, and IL-6 were determined for each
sample.

Cell proliferation assay. Cell proliferation was determined
by an MTS assay using a cell proliferation reagent (CellTiter96;
Promega Co., Madison, WI). After the cells had attached to the 24-
well plates, they were cultured for 1, 3, 6, 12, 24, 72, and 120 h,

Fig. 2. Immunocytochemical analysis of the effect of astaxanthin (AX) on the localization of NF�κB/p65 in the nucleus and cytoplasm. (a) Immuno�
cytochemical expression of DAPI (blue) and NF�κB/p65 (green) when AX was administered to cells preventatively. NF�κB/p65 was localized in the
nucleus in both the control group and the Pre�AX group. However, NF�κB/p65 showed greater localization in the cytoplasm in the Pre�AX group
than the control group (n = 2) (scale bar: 20 or 50 μm, magnification: ×40). (b) Immunocytochemical expression of DAPI (blue) and NF�κB/p65 (green)
when AX was administered as curative treatment following inflammation. Localization of NF�κB/p65 was similar in both the cytoplasm and the
nucleus between the control group and the Post�AX group (n = 2) (scale bar: 20 μm, magnification: ×40).
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according to the schedule (Fig. 1a and b). The absorbance of the
supernatant was measured at a wavelength of 490 nm on a micro-
plate reader.

Statistical analysis. Statistical significance (p values) was
calculated using unpaired t tests. The level of statistical signifi-
cance was set to p<0.05.

Results

Immunocytochemistry for NF�κB/p65. NF-κB/p65-positive 
staining was detected in the cytoplasm and the nucleus of
NDUSD-1 cells. The control group tended to show increased
translocation of NF-κB/p65 in the nucleus compared to the
Pre-AX group (Fig. 2a). In contrast, expression of NF-κB/p65 in
the Pre-AX group was observed mostly in the cytoplasm (Fig. 2a).
In the Post-AX group, NF-κB/p65 was mostly localized in the
cytoplasm and was hardly observed in the nucleus, similar to the
control group (Fig. 2b).

NF�κB/p65 expression in the cytoplasm and nucleus.
The expression level of NF-κB/p65 in the cytoplasm was
increased significantly (p<0.05) in the Pre-AX group compared
with control group (Fig. 3a). In contrast, NF-κB/p65 expression

in the nucleus tended to decrease in the Pre-AX group compared
with control group (Fig. 3a). There was no significant difference
in the expression level of NF-κB/p65 in the cytoplasm or nucleus
between the control group and the Post-AX group (Fig. 3b).
(Supplemental Table 1 and 2*)

Cytokine assay. IL-6 production of the Pre-AX group was
decreased significantly (p<0.05) from 24 to 120 h compared with
that of the control group (Fig. 4a). Although the difference was not
significant, TNF-α production in the Pre-AX group was decreased
compared with that of the control group (Fig. 4a). TNF-α produc-
tion of the Post-AX group was decreased significantly (p<0.05)
for 1 and 12 h compared with that of the control group (Fig. 4b).
IL-6 production in the Post-AX group was decreased compared
with that in the control group, although the difference was not
significant (Fig. 4b). IL-1β production was below the detection
limit value for all groups (data not shown).

Cell proliferation assay. Cell proliferation of the Pre-AX
group was increased significantly (p<0.05) from 1 to 12 h com-
pared with that of the control group (Fig. 5a). Proliferation was
also increased significantly in the Post-AX group (p<0.01) from
12 to 120 h compared with that of the control group (Fig. 5b).

Fig. 3. Effect of astaxanthin (AX) on the nuclear and cytoplasmic localization of NF�κB/p65. After 30 min of lipopolysaccharide (LPS) treatment, the
quantity of NF�κB/p65 in the cytoplasm and the nucleus was evaluated using an enzyme�linked immunosorbent assay. (a) When administered
preventatively, AX significantly increased the NF�κB/p65 content in the cytoplasm (Pre�AX group) compared with the control group (**p<0.01) (left).
In addition, NF�κB/p65 in the nucleus was decreased in the Pre�AX group compared to the control group, although the difference was not
significant (right) (n = 5). (b) When AX was administered as a curative treatment after inflammation stimulation, there was no significant difference
in NF�κB/p65 content in the cytoplasm and the nucleus from the control group (left, right) (n = 5).

*See online. https://www.jstage.jst.go.jp/article/jcbn/56/3/56_14�109/_article/supplement

https://www.jstage.jst.go.jp/article/jcbn/56/3/56_14-109/_article/supplement
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Discussion

NF-κB is located in the cytoplasm of different cell types, where
it is bound to inhibitory molecules such as IκBα and IκBβ, which
prevent it from entering the nucleus.(28) Upon cell activation by
numerous signals, including inflammatory cytokines, viruses,
oxidizing agents, and protein kinase C,(29) NF-κB is released from
inhibitory complexes and translocates to the nucleus, where it
binds to the promoter regions of different genes encoding immune
and pro-inflammatory mediators such as TNF-α, IL-1β, leukocyte
and vascular adhesion molecules, and inducible nitric oxide
synthase.(29,30) These products can activate NF-κB, and this type of
positive regulatory feedback loop may exacerbate and perpetuate
local inflammatory reactions.(29,30) Recently, several positive
effects of AX have been reported such as anti-inflammatory and
anti-oxidant activities and improvement of blood flow.(31–34)

Accordingly, AX causes improvement in the case of systemic or
local conditions such as choroidal neovascularization in age-

related macular degeneration,(33,35) vocal fold wounds,(36) arterio-
sclerosis,(37) diabetes mellitus,(38) and nonalcoholic fatty liver
disease.(39) Therefore, we evaluated whether AX could be used to
improve the inflammation response associated with OLP. The
chemical structure of AX is C40H52O4 and it contains two hydroxyl
groups and two carbonyl groups.(40) Therefore, AX is functional-
ized on the surface of the cell membrane and the intracellular
membrane.(40) Furthermore, it has been reported that AX does not
change the structure of the cell membrane, as is the case for most
other carotenoids.(40,41) The biological membrane contains cell
membrane proteins such as a receptor, a transporter, and an ion
channel. These are useful for the maintenance of important life
activities such as signal transduction, taking in of required
substances, excretion of dispensable substances, and maintenance
of osmotic pressure and homeostasis. Maintenance of the cell
membrane structure is considered to be useful for the prevention
and treatment of various diseases by protecting the cell from
damage caused by oxidative stress such as reactive oxygen species

Fig. 4. Effect of astaxanthin (AX) on TNF�α (left) and IL�6 (right) content. (a) An enzyme�linked immunosorbent assay (ELISA) showed that when
treated preventatively (Pre�AX group), AX resulted in a significant decrease in IL�6 (*p<0.05) from 24 h of incubation to 120 h (right). Although
there was no significant difference in TNF�α between the control group and the Pre�AX group, TNF�α production of the Pre�AX group tended to
down�regulated (left) (n = 3). (b) ELISA results indicated that when AX was administered as a curative treatment for inflammation (Post�AX group),
TNF�α decreased significantly (*p<0.05) for 1 and 12 h of incubation compared with the control group (left). Although there was no significant
difference in IL�6 production between the control group and the Post�AX group, IL�6 production in the Post�AX group tended to be down�regulated
(right) (n = 3).



doi: 10.3164/jcbn.14�109
©2015 JCBN

176

(ROS) and inflammatory stimulation. In a separate report, AX
protects mesangial cells from hyperglycemia-induced oxidative
stress such as ROS production, the activation of nuclear transcrip-
tion factors such as NF-κB and activator protein-1, and the
expression/production of transforming growth factor-beta 1 and
monocyte chemoattractant protein-1.(42) In addition, it has been
reported that the expression of Toll like receptor-4 (TLR-4) was
increased significantly in OLP subjects.(43) TLR-4 detects gram-
negative bacteria by recognizing the lipid A moiety of LPS.(44,45)

LPS (a TLR-4 agonist) induces the homodimerization of TLR-
4.(45,46) Indeed, Ge et al.(47) showed that the TLR-4 and the NF-κB
signaling pathway might be associated with the perpetuation
process of OLP.(47) Specifically, NF-κB translocation in keratino-
cytes may induce the production of inflammatory cytokines
(such as TNF-α, IL-1β, and IL-6) and chemokines (IL-8) that have
been shown to be up-regulated in OLP.(48) To control this inflam-
mation response, topical steroids have been widely used as anti-

inflammatory reagents for treating OLP and other inflammatory
conditions.(49,50) For example, the use of topical cyclosporine as a
second-line drug to treat symptomatic OLP showed satisfactory
clinical efficacy.(51) However, Ge et al.(47) did not conclusively
demonstrate the anti-inflammatory mechanism of topical steroids
and cyclosporine on OLP.(47) Therefore, in this study, we investi-
gated the potential preventive and curative anti-inflammatory
effects of AX in vitro in a human gingival keratinocyte line,
NDUSD-1, with LPS-induced inflammatory stimulation. In addi-
tion, since the simultaneous evaluation of the preventive or
curative effects of AX was difficult, we divided the experimental
system for convenience and performed the evaluations separately.
In NF-κB/p65 immunocytochemistry, NDUSD-1 cells were
stimulated with LPS-containing medium for 30 min, according
to the peak levels indicated in the NF-κB/p65 ActivELISA Kit
protocol (IMGENEX Co.). This preventive treatment with AX
resulted in a decrease of the nuclear localization of NF-κB/p65.

Fig. 5. Effect of astaxanthin (AX) on cell proliferation. (a) When cells were preventatively treated with AX (Pre�AX), proliferation increased
significantly compared with that of control group from 1 h of cultivation to 12 h (*p<0.05) (n = 4). (b) When AX was administered to the cells as a
curative treatment following inflammation stimulation (Post�AX), proliferation increased significantly compared with that of the control group
from 12 h of cultivation to 24 h (**p<0.01) (n = 4).
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In addition, IL-6 production decreased significantly after 24 h.
When AX was administered following inflammatory stimulation,
as a curative treatment, there was no difference in the nuclear or
cytoplasmic localization of NF-κB/p65 from the control group.
Possibly activity was lost, when medium replacement was carried
out and 24 h passed after the stimulus for LPS 30 min. However,
the control group after a LPS 24 h stimulus, TNF-α production
continued the increasing and that of the Post-AX group were
decreased significantly for 1 and 12 h. Furthermore, cell prolif-
eration was increased significantly by the anti-inflammatory
effect of AX when administered preventatively by inhibiting the
transcriptional activity of NF-κB/p65 in NDUSD-1 cells. In either
preventive or curative administration of AX, there was minimal
nuclear transfer of NF-κB/p65, indicating that AX was likely
activated on the cell membrane surface or on the intracellular
membrane. We developed the following hypothesis from these
results. Administering AX preventively might control the inflam-
matory stimulus by conferring protection to a biomembrane prior
to stimulation, resulting in an increase in cell proliferation at early
stages. Curative administration of AX might suppress the vicious
cycle of the inflammatory stimulus which has already acted on a
biomembrane, resulting in an increase in cell proliferation in later
stages. In summary, AX was found to suppress LPS-induced
inflammation in the human gingival keratinocyte line NDUSD-1
in vitro when administered in either a preventive or curative
manner. Therefore, the results of the present study suggest that AX
might be useful to improve the chronic inflammation associated
with OLP.
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