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Abstract
Curcumin is a widely known natural phytochemical from plant Curcuma longa. In recent

years, curcumin has received increasing attention because of its capability to induce apo-

ptosis and inhibit cell proliferation as well as its anti-inflammatory properties in different can-

cer cells. However, the therapeutic benefits of curcumin are severely hampered due to its

particularly low absorption via trans-dermal or oral bioavailability. Phototherapy with visible

light is gaining more and more support in dermatological therapy. Red light is part of the visi-

ble light spectrum, which is able to deeply penetrate the skin to about 6 mm, and directly

affect the fibroblast of the skin dermis. Blue light is UV-free irradiation which is fit for treating

chronic inflammation diseases. In this study, we show that curcumin at low concentrations

(1.25–3.12 μM) has a strong anti-proliferative effect on TNF-α-induced psoriasis-like inflam-

mation when applied in combination with light-emitting-diode devices. The treatment was

especially effective when LED blue light at 405 nm was combined with red light at 630 or

660 nm, which markedly amplified the anti-proliferative and apoptosis-inducing effects of

curcumin. The experimental results demonstrated that this treatment reduced the viability of

human skin keratinocytes, decreased cell proliferation, induced apoptosis, inhibited NF-κB

activity and activated caspase-8 and caspase-9 while preserving the cell membrane integ-

rity. Moreover, the combined treatment also down-regulated the phosphorylation level of

Akt and ERK. Taken together, our results indicated that the combination of curcumin with

LED blue light united red light irradiation can attain a higher efficiency of regulating prolifera-

tion and apoptosis in skin keratinocytes.
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Introduction
In recent years, phototherapy with visible light is gaining increasing attention in dermatological
practice. The Light-emitting diodes (LEDs), possessing a very narrow bandwidth, can distrib-
ute their biological effects to the defined wavelengths. [1]. Red light (wavelength range from
620 nm to 770 nm), which is part of the visible light spectrum, is able to directly impact the
fibroblast of the skin dermis due to its capability to deeply penetrate the skin to about 6 mm
[2], thus it is favoured in photodynamic therapy (PDT). Blue light (wavelength range from
400 nm to 480 nm) is UV-free irradiation that shows fewer harmful side effects to mammalian
cells than ultraviolet irradiation [3]. Because of the effectiveness in reducing cell proliferation,
blue light is propitious to treat hyperplastic diseases and chronic skin inflammation, such as
psoriasis, atopic dermatitis and hand- and foot-eczema [4, 5]. It has been demonstrated that
compared with UV light, irradiation with blue light at 400–420 nm only reveals toxic effects at
high or very high dosages [6, 7]. The main biological effect of PDT is photochemical effect
rather than thermal action [7,8].

Taking advantage of a photosensitizer in PDT can trigger different cellular reactions [9, 10].
Curcumin is a natural active photochemical composition of turmeric. Similar to resveratrol, it
has shown antioxidant, anti-inflammatory, anti-carcinogenic and anti-microbial properties
[10–12]. Moreover, curcumin has a rather wider absorption peak range from 300 nm to
500 nm [13]. Studies have shown that the maximum light absorption peak of curcumin is at
about 420 nm [14]. However, the therapeutic activity of curcumin is hampered by its poor bio-
logical availability, which appears due to low absorption, fast metabolism and rapid systemic
elimination [15, 16]. Most of studies show that curcumin induces apoptosis and suppresses cell
proliferation in different cell lines at concentrations range from 10 μM to 150 μM. Research
has proved that the effects of low dosages of curcumin can be strengthened through combina-
tion with visible light or UVA irradiation because the light energy intake is enhanced under
these circumstances [14, 17].

Psoriasis is one of the most familiar immune system regulated chronic inflammatory skin
disease, which is characterized by hyper-proliferation and abnormal differentiation of kerati-
nocytes [18]. Tumour necrosis factor (TNF)-α is a critical pro-inflammatory cytokine in psori-
asis immunopathology, over-expression of TNF-α is vital in pathogenesis of psoriasis, and
suppression of TNF-α pathway is a key step in the regulation of psoriasis [19–21].

In this study we investigated whether the red light united blue light irradiation, in combina-
tion with low concentrations of curcumin, could efficiently attenuate TNF-α-induced dermati-
tis, which analogous to human psoriasis lesions [20].

Materials and Methods

Materials
Recombinant human TNF-α (Sino Biological Inc., China); curcumin (Sigma-Aldrich, St. Louis,
MO, USA); pre-stained protein standards (Fermentas, Lithuania); Human Annexin V Apopto-
sis Detection Kit and cell cycle test kits (BD Biosciences, San Jose, CA); Bradford Assay kit (BD
Biosciences, San Jose, CA). Antibodies against NF-κB-p65, phospho-NF-κB-p65, caspase-8,
caspase-9, ERK, phospho-ERK (pERK), Akt andphospho-Akt (pAkt) (Cell Signaling Technol-
ogy, Boston, MA, USA); β-actin antibody (Santa Cruz Biotechnology, USA); Nuclear and Cyto-
plasmic Protein Extraction Kit, LDH Cytotoxicity Assay Kit and CCK-8 Assay Kit (Beyotime,
CHN); ECL detection kit (Cell Signaling Technology, Boston, MA, USA). Water was ultra-
pured by a Milli-Q water purification system (Millipore, USA).
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Light source
The Light source was provided by the Chinese Semiconductor Research Institute. The output
of light source was inspected at the Chinese National Institute of Metrology (Fig 1). The irradi-
ation parameters were: blue LED illumination with a maximum intensity at 405 nm (161 μW/
cm2nm), 10 min of application, cumulative dose 1.604 J/cm2; red LED illumination with a
maximum strength at 630 nm (300 μW/cm2nm), 10 min of application, cumulative dose 3.409
J/cm2; red LED illumination with a maximum intensity at 660 nm (545 μW/cm2nm), 10 min
of application, cumulative dose 6.538 J/cm2.

Cell culture
HaCaT cells, the Human keratinocyte cell line, were obtained from Lifeline (Lifeline Cell Tech-
nology manufacture). HaCaT cells were cultured in Keratinocyte-SFM medium supplemented
with growth factors (Life Factor) and 1% P/S solution. Cells were seeded in 60 mm dishes and
passaged by treatment with trypsin/EDTA (Gibco). Cells were cultured at 37°C in a humidified
atmosphere containing 5% CO2.

Cell treatment
Curcumin was first dissolved in DMSO (20 mM/ml) and then diluted to the working concen-
trations with culture medium just before use. HaCaT cells were pre-incubated with curcumin
containing medium for 2 h and then irradiated at a distance of 25 mm from the LED array.
Ahead of irradiation, we replaced the medium with PBS to avoid the formation of reactive pho-
tochemical products within the culture medium. Cells were then irradiated with LED blue
light, red light or a combination of blue and red light. After irradiation, cells were cultured with
fresh medium. As non-irradiated controls, cells were kept in the dark condition during the irra-
diation course, in order to ensure the same processing conditions.

The cells were divided into ten groups: 1) the control group; 2) the curcumin group, which
was only treated with curcumin but protected from light; 3) the red light group1, which was
treated with red light (630 nm) alone; 4) the red light group2, which was treated with red light
(660 nm) alone; 5) the blue light group, which was treated with blue light alone; 6) the red light
added curcumin group 1, which was treated with curcumin and red light (630 nm) irradiation;
7) the red light added curcumin group 2, which was treated with curcumin and red light (660
nm) irradiation; 8) the blue light added curcumin group, which was treated with curcumin and

Fig 1. Detectionmap of LED light output intensity. (A) The maximumwavelength of blue light is at 405 nm. (B) The peak of R630 wavelength is at 630 nm.
(C) The highest peak of R660 is at 660 nm.

doi:10.1371/journal.pone.0138754.g001
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blue light irradiation; 9) the blue united red light group 1, which was treated with curcumin
and blue united red light (630 nm) irradiation; and 10) the blue added red group 2, which was
treated with curcumin and blue united red light (660 nm) irradiation.

Cell counting kit-8 assay
Cell viability was evaluated by CCK-8 assay as described previously [2]. Cells were seeded in
96-well plates at a density of 8 × 103 cells/well. Different seeding densities had been optimized
at the beginning of the experiments. Twenty hours later, cells were pre-incubated with curcu-
min (0.16–5 μM) for 2 h and then irradiated with LED blue light, red light and combined blue
and red light as described above. At the end of the culture period, CCK-8 was added to each
well according to the instructions and incubated at 37°C for 2 h. The absorbance was measured
with a microplate reader (Spectra Max 190; Molecular Devices, Sunnyvale, CA) at a recording
wavelength of 450 nm with a reference wavelength of 630 nm. The cell viability was shown as a
percentum of control. Experiments were repeated for three times.

Cytotoxicity
Cell lysis and cell death were quantified with a LDH Cytotoxicity Assay Kit (Beyotime). In
brief, HaCaT cells were seeded in 96-well plates at a density of 6 × 103 cells/well. Different seed-
ing densities were optimized at the beginning of the experiments. Twenty hours later, cells
were treated with curcumin (0.16–5 μM) and light irradiation as described above. After 20 h of
treatment, the cell-free supernatants with incubated with NAD+, and positive controls were
dealt with 1% Triton-X-100. Consequently, the NAD+ solution was reduced to NADH/H+ dur-
ing the lactate dehydrogenase reaction, which altered the yellow tetrazolium salt to a red-col-
oured formazan salt. The absorbance was measured using an ELISA reader at 490 nm with a
reference wavelength of 630 nm (Spectra Max 190; Molecular Devices, Sunnyvale, CA).

Western blot analysis
Total proteins and nuclear extracts were isolated by the Nuclear and Cytoplasmic Protein
Extraction Kit according to the manufacturer’s instruction. Cells were seeded in 60 mm dishes
with a density of approximately 3 × 105 cells/well for western blot tests. The protein concentra-
tions were determined using the Bradford Assay kit (Bio-Rad) and the cell lysates were boiled
with 5 × SDS gel-loading dye for 10 min at 100°C. The samples (20 μg/lane) were electropho-
resed on 12% SDS-PAGE gel and transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (Millipore, Bedford, MA). After blocked with 5% non-fat milk in TBST buffer (0.1%
Tween-20) for 1 h at room temperature, the membranes were incubated with the primary anti-
bodies of interest at 4°C overnight. After washed the membranes three times with TBST, the
membranes were exposed to horseradish peroxidase conjugated secondary antibodies for 2 h at
room temperature. After washed the membranes three times with TBST, proteins bands were
visualized by an ECL detection kit following the manufacturer’s instructions.

Flow cytometry analysis
The cell cycle distribution was evaluated by flow cytometric analysis using cell cycle test kit
(Becton Dickinson, San Jose, CA, USA). Cells were seeded in 35-mm plates (2 x 105) and
treated 20 h after seeding that at the confluence of about 70–80% as described above. For prior
treatment, cells have been synchronized through starving in the basic medium without serum
for more than sixteen hours in order to stop the cells in the same cycle/G0. After treatment,
cells were collected by trypsinization, washed with PBS, resuspended in the solution A (trypsin
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buffer), incubated light-avoided for 10 min at room temperature, then successively added solu-
tion B (trypsin inhibitor and RNase buffer) and C (propidium iodide stain solution) according
to the manufacturer’s protocol. The proportion of cells in G0/G1, S, and G2/M phases was rep-
resented as DNA histograms. For each test, we collected 1 x 104 cells per specimen.

The apoptotic rate was surveilled by flow cytometric analysis using AV-FITC kit detection
kit (Becton Dickinson, San Jose, CA, USA) according to the manufacturer’s protocol. Cells
were plated in 35-mm plates (2 × 105) and treated as described above. After treatment, cells
were collected by trypsinization, washed twice with PBS, resuspended cells in 1 × binding
buffer, and stained with 5 μL FITC Annexin V for 15 min in darkness. Finally, 5 μL propidium
iodide (PI) dye was added just before testing. The apoptotic rate of cells were determined as the
percentage of early apoptotic cells added late apoptotic cells. For each experiment 1 × 104 cells
per sample were collected.

All of the data were analyzed with the Cell Quest software (Becton Dickinson, CA, USA).

Statistics
Data were presented as the mean±standard deviation. All average values were denoted as a per-
centum of the untreated control. Statistical analysis of data was performed using either Stu-
dent's t-test or two-way analysis of variance (ANOVA) with Graph-Pad prism 5. Difference
with p<0.05(�) or p<0.01(��) was considered statistically significant. All experiments were
repeated at least three times.

Results

Curcumin combined with red united blue light inhibited cell viability
To examine whether the treatment of curcumin combined with red united blue light could affect
cell proliferation rate, we test the cell viability of HaCaT cells which were pre-incubated with cur-
cumin (0–5 μM) for 2 h and then irradiated with blue light, red light or blue light combined with
red light for 20 h. The data showed that both curcumin alone treated cells and single red or blue
light irradiated cells showed tiny differences in cell viability. Exposure of curcumin-treated cells
(1.25–5 μM) to blue light resulted in inhibition of HaCaT cell viability (p<0.05), especially when
the irradiation was conducted with a combination of blue light and red light, which gave rise to a
more distinct inhibition of cell proliferation (p<0.01) (Fig 2). At first, we irradiated curcumin-
treated cells with blue light or red light for 5–15 minutes to determine the optimum conditions.
The suppression rate was depended on the concentration of curcumin. In the curcumin-treated
but light-protected controls, no obvious cell proliferation inhibition effects were detected in the
concentrations from 0.16 μM to 2.5 μM, and weaker effects were found in the concentrations
between 2.5 μM to 5 μM (p>0.05). The first noticeable change in density from the blue united
red light was 0.16 μM, whereas the first appeared change from blue light alone was 0.62 μM
(shown in S1 Fig). The single red light or blue light irradiated groups nearly showed no effect on
the inhibition of cell proliferation (shown in Fig 2). These results certified that both curcumin
and photo-activation were indispensable when using curcumin at low concentrations.

Curcumin associated with red united blue light preserved membrane
integrity
Features of necrotic cell death include the loss of cell membrane integrity, cell swelling, dis-
solved and the release of inflammatory cytoplasmic components [22]. To explore whether the
observed proliferation-inhibiting effect of curcumin in the presence of red united blue light
leads to toxic membrane injury, we inspected the cytosolic levels of the lactate dehydrogenase
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(LDH) that was released into culture medium. We pre-incubated HaCaT cells with different
concentrations of curcumin (0–5 μM) for 2 h and then irradiated the cells with blue light, red
light and two combinations of blue and red light. Twenty hours later, the release of lactate
dehydrogenase in the cell supernatants was measured. The positive control cells were treated
with 1% Triton X-100, and the other cells were treated as stated above. The results exhibited
that no prominent curcumin concentration dependent liberation of LDH was observed. As
shown in Fig 3, the red light or blue light irradiation alone did not augment the release of LDH
compared with controls. As well, the integrity of the cell membrane was neither altered by cur-
cumin alone nor by a combination of curcumin (0.16–5 μM) and blue added to red light irradi-
ation. These results clearly showed that the treatment using curcumin combined with light
irradiation reduced the cell viability of HaCaT cells but the integrity of the cell membrane was
still remained.

Curcumin combined with red united blue light induced apoptosis in
HaCaT cells
Suppression of cell proliferation could be induced by cell apoptosis or cell cycle arrest or an
association of both of these two ways. To investigate the underlying mechanism how curcumin

Fig 2. Curcumin combined with red united blue light irradiation restrained cell viability.HaCaT cells were pre-treated with curcumin (0–5 μM) for 2 h,
and then separately irradiated with blue light, red light and two combinations of blue and red light, or protected from light. Cells without any treatment were
used as a control. Cell viability was examined by CCK-8 assay 20 h after the last treatment. The values of the control were set to 100%. Each bar represents
the mean of three independent experiments. The suppression rate is depended on the concentration of curcumin, and the differences between cells treated
with light irradiation or not are particularly evident at p<0.05(*) or p<0.01(**) level.

doi:10.1371/journal.pone.0138754.g002
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combined red united blue light irradiation generates cell death, we detected the apoptotic rate
of cells using a flow cytometric Annexin V assay. HaCaT cells were pre-treated with 2.5 μM
curcumin for 2 h and then irradiated with blue light, red light or two combinations of blue and
red light. After twenty hours, the cell apoptosis distribution was determined with a typical
series of flow cytometry histograms (Fig 4). In the cells which were treated with curcumin and
protected from light or the cells which were irradiated with red light or blue light alone, there
was no significant increase in the percentage of apoptotic cells (shown in S2 Fig). The com-
bined treatment of curcumin and blue light increased the number of apoptotic cells, but the
effect was not obvious (p>0.05). The combination of blue united red light and curcumin treat-
ment led to a conspicuous increase in the percentage of apoptotic cells, especially cells in late
stage apoptosis, as shown in Fig 4. The extent of the effects was different for cells treated with
curcumin in combination with blue added red light at 660 nm (p<0.05) and cells treated with
the combination of blue and red light at 630 nm (p<0.01), which indicated that the combined
treatment with curcumin and blue united red light at 630 nm attained more significant apopto-
sis inducing effect. To investigate whether the combination of red united blue light and

Fig 3. Curcumin combined with red united blue light did not induce toxic membrane damage. HaCaT cells were pre-incubated with curcumin (0–5 μM)
for 2 h, and then separately irradiated with blue light, red light and two combinations of blue and red light, or protected from light. The lactate dehydrogenase
(LDH) concentration in the cell-free supernatants was measured 20 h later. Cells treated with 1% Triton X-100 served as a positive control. All values were
referred to the positive control. The assessment was implemented by three independent experiments.

doi:10.1371/journal.pone.0138754.g003
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curcumin triggers apoptosis, we also strained cells with bisbenzimide to observe the formation
of apoptotic bodies as well as the nuclear morphology. Our results showed cells treated with
curcumin and blue light united red light irradiation had more cell rounding and more apopto-
tic bodies than cells treated with curcumin alone or light irradiation alone.

Fig 4. Curcumin combined with red united blue light induced apoptosis in HaCaT cells. (A) Flow cytometric analysis of HaCaT cells without any
treatment. (B)-(E) Flow cytometric analysis of HaCaT cells which were pre-incubated with curcumin (2.5 μM) for 2 h and then protected from light or
separately irradiated with blue light and two combinations of blue and red light.(F) The apoptotic rate of cells was measured by the percentage of early
apoptotic cells added late apoptotic cells. a, b, c and d represent normal cells, early apoptotic cells, late apoptotic cells and dead cells, respectively. Bars with
different characters are statistically different at p<0.05(*) or p<0.01(**) level. All images shown are representative of three independent experiments.

doi:10.1371/journal.pone.0138754.g004
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Curcumin combined with red united blue light inhibited cell proliferation
At the same time, we also detected the distribution of cell cycles via flow cytometric analysis.
HaCaT cells were pre-treated with 2.5 μM curcumin for 2 h and then irradiated with blue light,
red light or two combinations of blue and red light. Twenty hours later, the cell cycle distribu-
tion was determined with a typical series of flow cytometry histograms (Fig 5). The measured
data did not change between the control groups and light irradiated alone groups (shown in

Fig 5. Curcumin combined with red united blue light inhibited cell proliferation. (A) Flow cytometric analysis of HaCaT cells without any treatment. (B)-
(E) Flow cytometric analysis of HaCaT cells which were pre-incubated with curcumin (2.5 μM) for 2 h and then protected from light or separately irradiated
with blue light and two combinations of blue and red light. (F) Quantification of cell cycle distribution (G1, S and G2/M). Each bar represents the mean of the
three independent experiments, and the differences between cells treated with light irradiation or not are particularly evident at p<0.05(*) or p<0.01(**) level.

doi:10.1371/journal.pone.0138754.g005
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S3 Fig). As shown in Fig 5, irradiation of curcumintreated cells with blue light had some cell
proliferation inhibition in HaCaT cells, but the effect was not remarkable (p>0.05). However,
irradiation of curcumin-treated cells with blue added red light led to distinct cell proliferation
inhibition in HaCaT cells, and our experiments demonstrated that the cell cycle was arrested
specially at the G2/M transition point (p<0.05). These results suggested that inhibition of pro-
liferation occured after treatment with low doses of curcumin combined with red united blue
light irradiation.

Curcumin combined with red united blue light restrained TNF-α-induced
NF-κB activation
Considering NF-κB plays an important role in the cellular stress, such as inflammation, apoptosis
inhibition and cell proliferation, we also investigated the effect of curcumin combined with red
united blue light on TNF-α-induced NF-κB activation. HaCaT cells were pre-treated with
3.12 μM curcumin for 2 h and then irradiated with blue light, red light or two combinations of
blue and red light. Following irradiation, cells were treated with 20 ng/ml TNF-α for 1 h. As indi-
cated by western blot in which the nuclear extracts from TNF-α-stimulated cells were incubated
with the antibody against the p65 (RelA) subunit of NF-κB and phospho p65, TNF-α induced
p65 NF-κB activation was inhibited by the combination of curcumin and blue light, but the dif-
ference was not evident (p>0.05). When the cells were treated with blue united red light, the
results were dramatically more significant (p<0.05), which was demonstrated by the decreased
migration of phosphorylated p65 NF-κB (Fig 6) and p65 NF-κB into the nucleus (S4 Fig). How-
ever, the light irradiation alone did not alter the transference of phosphorylated p65 NF-κB
(shown in S5 Fig). Our results suggested that TNF-α promoted NF-κB activation in HaCaT cells,
whereas curcumin combined with blue added red light dramatically inhibited that activity. The
inhibition of NF-κB may accelerate the apoptosis and enhance cell cycle arrest of HaCaT cells.

Curcumin combined with red united blue light induced caspase
activation
In order to further clarify the induction of cell apoptosis, we examined the caspase activity as
an early indicator. HaCaT cells were pre-treated with 2.5 μM curcumin for 2 h and then

Fig 6. Curcumin combined with red united blue light inhibited TNF-α-induced NF-κB activation.HaCaT cells were pre-incubated with curcumin
(3.12 μM) for 2 h, and then separately irradiated with blue light and two combinations of blue and red light, or protected from light. Subsequently, the cells
were treated with TNF-α (20 ng/ml) for 1 h, and the nuclear extracts were prepared and analysed. (A) The expression level of phospho NF-κB p65 (pNF-κB
p65) was detected by western blot, with NF-κB p65 as a loading control. (B) Densitometry analysis of phosphorylated p65. Bars with different characters are
statistically different at p<0.05(*) level. The results shown are representative of three independent experiments.

doi:10.1371/journal.pone.0138754.g006
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irradiated with blue light, red light or two combinations of blue and red light. Twenty hours
after the combined treatment, the lysates were analysed by western blot using specific antibod-
ies against caspase-9 and caspase-8, respectively. Our results showed that curcumin together
with blue light induced weak activation of caspase-9 and caspase-8, but the effect was not evi-
dent (p>0.05). However, curcumin combined with blue united red light at 630 nm had an even
more remarkable effect on the activation of caspase-9 (p<0.01) and caspase-8 (p<0.05),
respectively; nonetheless, curcumin combined with blue united red light at 660 nm only pro-
moted an obvious activation of caspase-9 (p<0.05), but had particularly feeble influence on the
activation of caspase-8 (p>0.05), which was proved through evidence of the cleavage of inac-
tived full-length procaspase-9 and procaspase-8 (Fig 7). In comparison, single curcumin
treated cells or light alone irradiated cells showed no difference in the activation of caspase-8
and caspase-9 compared to controls, and similarly, curcumin combined with red light irradia-
tion also had little effect (shown in S6 Fig and Fig 7).

Curcumin combined with red united blue light restrained TNF-α-
activated MAPKs and Akt
Considering the intrinsic apoptosis pathway is not only associated with MAPK signalling path-
way but also linked to PI3/PKB, we also investigated the impact of curcumin in combination
with blue united red light on the extracellular regulated protein kinases ERK and growth asso-
ciated kinases PKB/Akt. HaCaT cells were pre-treated with 3.12 μM curcumin for 2 h and then
irradiated with blue light, red light or two combinations of blue and red light. Following the
irradiation, the cells were treated with 20 ng/ml TNF-α for 2 h. Our results suggested that
TNF-α promoted ERK and Akt activation in HaCaT cells. Curcumin combined with blue light
had a feeble inhibition effect on the phosphorylation of ERK, but the function was not evident
(p>0.05); whereas curcumin combined with blue united red light dramatically inhibited the
activation of ERK (p<0.05), which was indicated by western blot analysis (Fig 8). However,
curcumin in combination with blue light irradiation exhibited an apparent effect on phosphor-
ylation level of Akt (p<0.05); meanwhile, curcumin combined with blue united red light

Fig 7. Curcumin combined with red united blue light induced caspase activation.HaCaT cells were pre-incubated with curcumin (2.5 μM) for 2 h, and
then separately irradiated with blue light and two combinations of blue and red light, or protected from light. Twenty hours after the combined treatments, the
lysates were prepared and analysed. (A) The expression level of inactive forms of caspase-8 and caspase-9 (procasepase-8 and procaspase-9) were
inspected by western blot, with β-actin as a loading control. (B) Densitometry analysis of procasepase-8 and procaspase-9. Bars with different characters are
statistically different at p<0.05(*) or p<0.01(**) level. Each bar represents the mean of three independent experiments.

doi:10.1371/journal.pone.0138754.g007
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observably reduced the activation of Akt (p<0.01). As shown in Fig 8, phosphorylation of ERK
and Akt induced by TNF-α was markedly decreased in curcumin combined with and blue
united red light treated HaCaT cells, which implied that curcumin combined with blue united
red light attenuated TNF-α-induced ERK and Akt activation in HaCaT cells. In curcumin
alone treated groups, red light or blue light irradiated alone groups, these effects were not
observed (S7 Fig). These results revealed that the apoptosis induced by curcumin combined
with blue united red light irradiation also included the down regulation of ERK and Akt
phosphorylation.

Discussion
Recently, PDT has appeared as a hopeful therapeutic tool for the treatment of dermatologic
conditions, such as psoriasis and superficial basal cell carcinoma [10, 23]. Several reports have
proved that PDT simultaneously assisted with a photosensitizer can induce diverse cellular
responses, which increases the accumulation in the target cells and leads to induction of cell
necrosis or apoptosis [9, 14].

Curcumin is a highly polyphenic molecule that was originally found to display antibacterial
activity in 1949 [24]. Since then, curcumin has become more and more striking due to its anti-
inflammatory, anti-oxidation, anti-proliferative, apoptosis-promoting and radiosensitive prop-
erties [25–27]. Curcumin has been verified to be safe, tolerated and non-toxic, even at a high
dose up to 8 g per day [28]. The proliferation inhibition and apoptosis inducing effects of cur-
cumin have been documented sufficiently in many different cells, which indicates that

Fig 8. Curcumin combined with red united blue light restrained TNF-α-activated ERK and PKB/Akt. HaCaT cells were pre-incubated with curcumin
(3.12 μM) for 2 h, and then separately irradiated with blue light and two combinations of blue and red light, or protected from light. Subsequently, the cells
were treated with TNF-α (20 ng/ml) for 2 h, and the whole cell lysates were prepared and analysed. (A) The phosphorylation levels of ERK and Akt were
measured by western blot, with total ERK and Akt served as loading controls. (B) Densitometry analysis of pERK and pAkt. Bars with different characters are
statistically different at p<0.05(*) or p<0.01(**) level. The results shown are representative of three independent experiments.

doi:10.1371/journal.pone.0138754.g008
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curcumin could be used for treating hyper-proliferative diseases [17]. However, the effective
usage of curcumin is impeded by its particularly low absorption via trans-dermal or oral bio-
availability and rapid systemic elimination, which seriously hinders the curative effect of curcu-
min [15, 16, 29]. Therefore, approaches to strengthen and improve the bioavailability of
curcumin are favourable. Curcumin has a rather wider absorption bands range from 300 nm to
500 nm [13], and curcumin combined with UV or visible light irradiation acquires the maxi-
mum light absorption at about 420 nm [30, 31]. By adding auxiliary of visible light irradiation,
the cytotoxicity of curcumin is enhanced [17, 32, 33].

For the most of effective activation of curcumin, the maximum absorption of the skin
should equally be considered for the optimal treatment potency. Blue light without the accre-
tion of exogenous photosensitizers also has an inherent anti-proliferation effect and exhibits
fewer cytotoxic effects in mammalian cells compared with the ultraviolet irradiation. For
instance, irradiation with blue light at 400–420 nm only at high dosages, shows toxic and side
effects compared with the ultraviolet irradiation [6]. The effectiveness of blue light in treating
hyper-proliferative skin attributes to its ability to delay proliferation [6]. Additionally, a lot of
blue light-emitting lamps are available with a maximum emission wavelength range from 400
nm to 440 nm [7].

Because of the deeper light penetration into the skin, red light is widely preferred in PDT [7,
8, 34]. In addition, red light may also exert anti-inflammatory effects via regulating the release
of inflammatory factors. However, the definite regulative action underlying the advantageous
effects of red light is yet not totally understood [35, 36]. In previous acne studies, mixed LED
red and blue light therapy was proved to be more efficient treatment than blue light alone,
which may due to the combination of the anti-bacterial and anti-inflammatory characteristics
of the light [37].

Therefore, the aim of this study was to assess the effectiveness of the combination of low
concentrations of curcumin and red mixed blue light on treating hyper-proliferative skin
conditions.

In the present study, we used LED arrays with a distinct wavelength of 405 nm combined
with low concentrations of curcumin (0.62–3.12 μM), and observed a reduction in the prolifer-
ative capacity of HaCaT cells. The inhibition of cell proliferation was strongly enhanced when
cells were treated with blue combined with red light at 630 nm or 660 nm. Our studies also
demonstrated that HaCaT cells were arrested at a specific transition point, particularly at the
G2/M transition point, when they were treated with a low concentration of curcumin (2.5 μM)
combined with blue light added red light irradiation. In the control groups, neither a low con-
centration of curcumin alone nor single light irradiation induced a visible inhibition in cell pro-
liferation. These results suggested that not only the photo-catalytic effect attribute of curcumin
but also the photo-activation is essential when taking advantage of curcumin at low concentra-
tions. These findings were agreed with previous results [14, 17].

One of the most remarkable features of curcumin is the apoptosis-inducing effect. In this
study, we observed that the combined treatment of curcumin and blue united red light irradia-
tion triggered apoptosis in HaCaT cells, which was indicated by the activation of caspase-8 and
caspase-9, the formation of apoptotic bodies, the inhibition of NF-κB activation and the down-
regulation of phosphorylated ERK and Akt, but did not destroy the integrity of cell membrane.
Our results distinctly proved that the combination of curcumin and blue united red light irradi-
ation might be a very effective approach for regulating proliferation and apoptosis in skin
keratinocytes.

Compared to treatment with curcumin alone or single light irradiation, significant decreases
of procaspase-9 were detected after utilizing a combination of a sub-apoptotic concentration of
curcumin at 2.5 μMwith blue light united red light irradiation. However, only the combination
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of curcumin with blue united red light at 630 nm induced an evident reduction of procaspase-
8. When treated with curcumin combined with blue united red light irradiation, the apoptosis-
inducing effect was obviously enhanced, suggesting that apoptosis is efficiently motivated by
coinstantaneous treatment with curcumin and blue united red light through both caspase-8
and caspase-9 activation. Previous studies have reported that the photosensitizer effect of cur-
cumin was enhanced by the irradiation of UVB in HaCaT cells [10] and the the cytotoxicity of
curcumin was strengthened by irradiation with visible light in nasopharyngeal cancer cell lines
[32]. A conceivable molecular mechanism of the photo-toxicity of curcumin might be that cur-
cumin photo-generates reduced forms of molecular oxygen [38]. Caspase activation is an early
sign of apoptosis. Two principal pathways involved in cell apoptosis are the mitochondrial-
mediated (intrinsic) pathway and the death receptor-mediated (extrinsic) pathway [39, 40].
Casepase-9 is a dominating initiator in the intrinsic pathway mediated by mitochondria. On
the contrary, caspase-8 is a principal initiator of the extrinsic apoptotic pathway regulated by
the death receptors.

Simultaneously, these results were further verified by flow cytometric test consequences.
Treatment with curcumin and blue united red light irradiation led to a conspicuous increase in
the proportion of apoptotic cells, especially in late stage apoptosis, which may sensitize cells to
apoptosis via activating caspase pathways. And the red light at 630 nm had an even intense
effect than that at 660 nm. Treating cells with curcumin and blue light also exhibited some
effects on inducing apoptosis, but the difference was not significant. Taken together, these
results demonstrated that both the intrinsic and extrinsic apoptosis pathways were involved in
the apoptosis induced by curcumin and blue united red light irradiation in HaCaT cells.

NF-κB is a nuclear transcription factor that mediates a large number of gene expression,
which are critical for the regulation of apoptosis, inflammation and multifarious autoimmune
diseases [41]. It is well known that high concentration of curcumin is a potential inhibitor of
the NF-κB transcription factor in various human cells [42, 43]. Our results displayed that low
concentrations of curcumin combined with blue united red light apparently inhibited TNF-α-
induced NF-κB activation. Consistent with previous reports, the restraint of NF-κB activation
expedited apoptosis and cell cycle arrest in our study.

Intracellular MAPK signalling pathway plays a vital role in the regulation of cell prolifera-
tion and cell apoptosis [44]. In addition to activating caspasemedicated apoptosis and NF-κB
activation, TNF-α is also known to activate MAPKs. ERK, one of the most important MAPK
pathways, could hinder cell apoptosis through obstructing caspase activation [37, 45]. Our
results showed that a low concentration of curcumin or single light irradiation had little effect
on the phosphorylation level of ERK. However, when curcumin was combined with blue light
united red light irradiation, TNF-α-induced activation of ERK was significantly attenuated.
These results indicated that the decline of phosphorylation level of ERK may facilitate the acti-
vation of caspases, which played a vital role in promoting apoptosis.

In addition, the Akt pathway also plays an important role in cell apoptosis and cell prolifera-
tion regulation [46]. It has reported that Akt could increase the cell viability via suppressing the
expression of pro-apoptotic proteins [47] and medicate the expression and activation of NF-
κB [48]. Our results showed that curcumin combined with blue united red light irradiation sig-
nificantly decreased the TNF-α-induced activation of Akt. Nevertheless, curcumin alone or
single light irradiation nearly exhibited no effect on the activation of Akt pathway. These
results suggested that curcumin combined with blue united red light irradiation may also
induce apoptosis via suppressing the activation of Akt.

Based on above consequences, we proposed that light irradiation enhanced the cellular
absorption of curcumin, especially the combined usage of blue and red light which is likely to
integrate the anti-bacterial and anti-inflammatory characteristics of the light, efficiently
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compensating the trouble of the low bioavailability of curcumin. The combined treatment with
curcumin and blue united red light irradiation significantly inhibited TNF-α-induced activa-
tion of Akt and ERK signaling pathways, which cause mitochondrial dysfunction and the inhi-
bition of NF-κB activity.

Mitochondrial dysfunction and the inhibition of NF-κB activity lead to liberation of apopto-
sis factors, and then activate both the intrinsic and extrinsic apoptosis pathways, and finally
result in amplified curcumin-induced cell apoptosis and cell growth arrest in HaCaT cells.

Conclusions
Our present results clearly demonstrated that the strategy to combine curcumin and blue light
united red light irradiation could be a useful and highly efficient method for enhancing the
anti-hyperproliferative activities of curcumin. It was noteworthy that blue light united red light
irradiation, which combined the anti-proliferative and anti-inflammatory activities to maxi-
mize the stimulation of the target photosensitizer and reached the photodynamic target spot
located in the deep dermis, showed to be more efficient than blue light alone. Taking advantage
of different wavelength under treatment of hyper-proliferative illness will perfect treatment
effect and simultaneously alleviate adverse side reactions.

Supporting Information
S1 Fig. The effect of curcumin and light irradiation on cell viability of HaCaT cells. The
effect of the combination of curcumin and light irradiation on cell viability of HaCaT cells
(n = 3).
(TIF)

S2 Fig. The effects of light irradiation on HaCaT cell apoptotic death. (A) Flow cytometric
analysis of HaCaT cells which were protected from light or separately irradiated with red light
and blue light. (B) The apoptotic rate of cells was measured by the percentage of early apoptotic
cells added late apoptotic cells. All images shown are representative of three independent
experiments.
(TIF)

S3 Fig. Flow cytometric analysis of HaCaT cell treated with light irradiation. HaCaT cells
were irradiated with blue light or red light, or light protected as described above. As shown in
the figure: (A) light-protected control; irradiated with blue light; irradiated with red light at 630
nm; irradiated with irradiated with red light at 660 nm. (B) Quantification of cell cycle distribu-
tion (G1, S and G2/M).
(TIF)

S4 Fig. The effect of curcumin combined with red united blue light on TNF-α-induced NF-
κB subunit p65 expression.HaCaT cells were pre-incubated with curcumin (3.12 μM) for 2 h,
and then separately irradiated with blue light and two combinations of blue and red light, or
protected from light. Subsequently, the cells were treated with TNF-α (20 ng/ml) for 1 h, and
the nuclear extracts were prepared and analysed. (A) The expression level of p65 was detected
by western blot, with Histone H3 as a loading control. (B) Densitometry analysis of p65. Bars
with different characters are statistically different at p<0.05(�) level.
(TIF)

S5 Fig. The effects of light irrdiaiton on TNF-α-induced NF-κB activation.HaCaT cells
were irradiated with blue light, red light or light protected respectively, as described in materi-
als and methods. Subsequently, the cells were treated with TNF-α (20 ng/ml) for 1 h and the
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nuclear extracts were prepared and analysed. (A) The expression level of p65 was detected by
western blot, with Histone H3 as a loading control. (B) Densitometry analysis.
(TIF)

S6 Fig. The effects of light irradiation on HaCaT cell caspase activation.HaCaT cells were
irradiated with blue light, red light or light protected, respectively, as described above. Twenty
hours after the combined treatment, the lysates were prepared and analysed. (A) The level of
inactive forms of caspase-8 and caspase-9 (procasepase-8 and procaspase-9) were detected by
western blot, with β-actin as a loading control. (B) Densitometry analysis of procasepase-8 and
procaspase-9.
(TIF)

S7 Fig. The effects of light irradiation on TNF-α-induced activation of ERK and PKB/Akt.
HaCaT cells were irradiated with blue light, red light or light protected respectively. Then, the
cells were treated by TNF-α (20 ng/ml) for 2 h, and the whole cell lysates were prepared and
analysed. (A) The phosphorylation levels of ERK and Akt were measured by western blot, with
total ERK and Akt served as loading controls. (B) Densitometry analysis of pERK and pAkt.
(TIF)

Author Contributions
Conceived and designed the experiments: TN YT. Performed the experiments: TN. Analyzed
the data: TN QC. Contributed reagents/materials/analysis tools: QR LW. Wrote the paper: TN
YT.

References
1. Weiss RA, McDaniel DH, Geronemus RG,Weiss MA, Beasley KL, Munavalli GM, et al. Clinical experi-

ence with light-emitting diode (LED) photomodulation. Dermatol Surg 2005; 31(9 Pt 2):1199–205.
PMID: 16176771

2. Niu T, Tian Y, Ren Q, Wei L, Li X, Cai Q. Red light interferes in UVA-induced photoaging of human skin
fibroblast cells. Photochem Photobiol 2014; 90(6):1349–58. doi: 10.1111/php.12316 PMID: 25039464

3. Dai T, Gupta A, Murray CK, Vrahas MS, Tegos GP, Hamblin MR. Blue light for infectious diseases: Pro-
pionibacterium acnes, Helicobacter pylori, and beyond? Drug Resist Updat 2012; 15(4):223–36. doi:
10.1016/j.drup.2012.07.001 PMID: 22846406

4. Becker D, Langer E, Seemann M, Seemann G, Fell I, Saloga J, et al. Clinical efficacy of blue light full
body irradiation as treatment option for severe atopic dermatitis. PLoS One 2011; 6(6):e20566. doi: 10.
1371/journal.pone.0020566 PMID: 21687679

5. Kleinpenning MM, Smits T, Frunt MH, van Erp PE, van de Kerkhof PC, Gerritsen RM. Clinical and histo-
logical effects of blue light on normal skin. Photodermatol Photoimmunol Photomed 2010; 26(1):16–21.
doi: 10.1111/j.1600-0781.2009.00474.x PMID: 20070834

6. Liebmann J, Born M, Kolb-Bachofen V. Blue-light irradiation regulates proliferation and differentiation in
human skin cells. J Invest Dermatol 2010; 130(1):259–69. doi: 10.1038/jid.2009.194 PMID: 19675580

7. Kleinpenning MM, Otero ME, van Erp PE, Gerritsen MJ, van de Kerkhof PC. Efficacy of blue light vs.
red light in the treatment of psoriasis: a double-blind, randomized comparative study. J Eur Acad Der-
matol Venereol 2012; 26(2):219–25. doi: 10.1111/j.1468-3083.2011.04039.x PMID: 21435024

8. Krutmann J, Nigsmann HH, Elmets CA, Bergstresser PR. Dermatological Phototherapy and Photodiag-
nostic Methods: Springer Berlin Heidelberg; 2001.

9. Babilas P, Landthaler M, Szeimies RM. Photodynamic therapy in dermatology. Eur J Dermatol 2006;
16(4):340–8. PMID: 16935788

10. Park K, Lee JH. Photosensitizer effect of curcumin on UVB-irradiated HaCaT cells through activation of
caspase pathways. Oncol Rep 2007; 17(3):537–40. PMID: 17273730

11. Narayan S. Curcumin, a multi-functional chemopreventive agent, blocks growth of colon cancer cells
by targeting beta-catenin-mediated transactivation and cell-cell adhesion pathways. J Mol Histol 2004;
35(3):301–7. PMID: 15339049

Light Combine with Curcumin Regulates Cell Proliferation and Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0138754 September 18, 2015 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138754.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138754.s007
http://www.ncbi.nlm.nih.gov/pubmed/16176771
http://dx.doi.org/10.1111/php.12316
http://www.ncbi.nlm.nih.gov/pubmed/25039464
http://dx.doi.org/10.1016/j.drup.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22846406
http://dx.doi.org/10.1371/journal.pone.0020566
http://dx.doi.org/10.1371/journal.pone.0020566
http://www.ncbi.nlm.nih.gov/pubmed/21687679
http://dx.doi.org/10.1111/j.1600-0781.2009.00474.x
http://www.ncbi.nlm.nih.gov/pubmed/20070834
http://dx.doi.org/10.1038/jid.2009.194
http://www.ncbi.nlm.nih.gov/pubmed/19675580
http://dx.doi.org/10.1111/j.1468-3083.2011.04039.x
http://www.ncbi.nlm.nih.gov/pubmed/21435024
http://www.ncbi.nlm.nih.gov/pubmed/16935788
http://www.ncbi.nlm.nih.gov/pubmed/17273730
http://www.ncbi.nlm.nih.gov/pubmed/15339049


12. Holt PR, Katz S, Kirshoff R. Curcumin therapy in inflammatory bowel disease: a pilot study. Dig Dis Sci
2005; 50(11):2191–3. PMID: 16240238

13. Leite DP, Paolillo FR, Parmesano TN, Fontana CR, Bagnato VS. Effects of photodynamic therapy with
blue light and curcumin as mouth rinse for oral disinfection: a randomized controlled trial. Photomed
Laser Surg 2014; 32(11):627–32. doi: 10.1089/pho.2014.3805 PMID: 25343373

14. Bernd A. Visible light and/or UVA offer a strong amplification of the anti-tumor effect of curcumin. Phyto-
chem Rev 2014; 13:183–189. PMID: 24578676

15. Zhang C, Li B, Zhang X, Hazarika P, Aggarwal BB, Duvic M. Curcumin selectively induces apoptosis in
cutaneous T-cell lymphoma cell lines and patients' PBMCs: potential role for STAT-3 and NF-kappaB
signaling. J Invest Dermatol 2010; 130(8):2110–9. doi: 10.1038/jid.2010.86 PMID: 20393484

16. Anand P, Kunnumakkara AB, Newman RA, Aggarwal BB. Bioavailability of curcumin: problems and
promises. Mol Pharm 2007; 4(6):807–18. PMID: 17999464

17. Dujic J, Kippenberger S, Hoffmann S, Ramirez-Bosca A, Miquel J, Diaz-Alperi J, et al. Low concentra-
tions of curcumin induce growth arrest and apoptosis in skin keratinocytes only in combination with
UVA or visible light. J Invest Dermatol 2007; 127(8):1992–2000. PMID: 17410200

18. Schon MP, BoehnckeWH. Psoriasis. N Engl J Med 2005; 352(18):1899–912. PMID: 15872205

19. Gaspari AA. Innate and adaptive immunity and the pathophysiology of psoriasis. J Am Acad Dermatol
2006; 54(3 Suppl 2):S67–80. PMID: 16488332

20. Sun J, Han J, Zhao Y, Zhu Q, Hu J. Curcumin induces apoptosis in tumor necrosis factor-alpha-treated
HaCaT cells. Int Immunopharmacol 2012; 13(2):170–4. doi: 10.1016/j.intimp.2012.03.025 PMID:
22498762

21. Cho JW, Lee KS, Kim CW. Curcumin attenuates the expression of IL-1beta, IL-6, and TNF-alpha as
well as cyclin E in TNF-alpha-treated HaCaT cells; NF-kappaB and MAPKs as potential upstream tar-
gets. Int J Mol Med 2007; 19(3):469–74. PMID: 17273796

22. Wu X, Molinaro C, Johnson N, Casiano CA. Secondary necrosis is a source of proteolytically modified
forms of specific intracellular autoantigens: implications for systemic autoimmunity. Arthritis Rheum
2001; 44(11):2642–52. PMID: 11710720

23. Babilas P, Karrer S, Sidoroff A, Landthaler M, Szeimies RM. Photodynamic therapy in dermatology—
an update. Photodermatol Photoimmunol Photomed 2005; 21(3):142–9. PMID: 15888131

24. SCHRAUFSTATTER E, BERNT/au> H. Antibacterial action of curcumin and related compounds.
Nature 1949; 164(4167):456. PMID: 18140450

25. Aggarwal BB, Sung B. Pharmacological basis for the role of curcumin in chronic diseases: an age-old
spice with modern targets. Trends Pharmacol Sci 2009; 30(2):85–94. doi: 10.1016/j.tips.2008.11.002
PMID: 19110321

26. Duvoix A, Blasius R, Delhalle S, Schnekenburger M, Morceau F, Henry E, et al. Chemopreventive and
therapeutic effects of curcumin. Cancer Lett 2005; 223(2):181–90. PMID: 15896452

27. Shehzad A, Wahid F, Lee YS. Curcumin in cancer chemoprevention: molecular targets, pharmacoki-
netics, bioavailability, and clinical trials. Arch Pharm (Weinheim) 2010; 343(9):489–99.

28. Kanai M, Yoshimura K, Asada M, Imaizumi A, Suzuki C, Matsumoto S, et al. A phase I/II study of gemci-
tabine-based chemotherapy plus curcumin for patients with gemcitabine-resistant pancreatic cancer.
Cancer Chemother Pharmacol 2011; 68(1):157–64. doi: 10.1007/s00280-010-1470-2 PMID: 20859741

29. Aggarwal BB, Kumar A, Bharti AC. Anticancer potential of curcumin: preclinical and clinical studies.
Anticancer Res 2003; 23(1A):363–98. PMID: 12680238

30. Banerjee S, Prasad P, Hussain A, Khan I, Kondaiah P, Chakravarty AR. Remarkable photocytotoxicity
of curcumin in HeLa cells in visible light and arresting its degradation on oxovanadium(IV) complex for-
mation. Chem Commun (Camb) 2012; 48(62):7702–4.

31. Ribeiro AP, Pavarina AC, Dovigo LN, Brunetti IL, Bagnato VS, Vergani CE, et al. Phototoxic effect of
curcumin on methicillin-resistant Staphylococcus aureus and L929 fibroblasts. Lasers Med Sci 2013;
28(2):391–8. doi: 10.1007/s10103-012-1064-9 PMID: 22358772

32. Koon H, Leung AW, Yue KK, Mak NK. Photodynamic effect of curcumin on NPC/CNE2 cells. J Environ
Pathol Toxicol Oncol 2006; 25(1–2):205–15. PMID: 16566718

33. Buss S, Dobra J, Goerg K, Hoffmann S, Kippenberger S, Kaufmann R, et al. Visible light is a better co-
inducer of apoptosis for curcumin-treated humanmelanoma cells than UVA. PLoS One 2013; 8(11):
e79748. doi: 10.1371/journal.pone.0079748 PMID: 24255713

34. Aziz-Jalali MH, Tabaie SM, Djavid GE. Comparison of Red and Infrared Low-level Laser Therapy in the
Treatment of Acne Vulgaris. Indian J Dermatol 2012; 57(2):128–30. doi: 10.4103/0019-5154.94283
PMID: 22615511

Light Combine with Curcumin Regulates Cell Proliferation and Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0138754 September 18, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/16240238
http://dx.doi.org/10.1089/pho.2014.3805
http://www.ncbi.nlm.nih.gov/pubmed/25343373
http://www.ncbi.nlm.nih.gov/pubmed/24578676
http://dx.doi.org/10.1038/jid.2010.86
http://www.ncbi.nlm.nih.gov/pubmed/20393484
http://www.ncbi.nlm.nih.gov/pubmed/17999464
http://www.ncbi.nlm.nih.gov/pubmed/17410200
http://www.ncbi.nlm.nih.gov/pubmed/15872205
http://www.ncbi.nlm.nih.gov/pubmed/16488332
http://dx.doi.org/10.1016/j.intimp.2012.03.025
http://www.ncbi.nlm.nih.gov/pubmed/22498762
http://www.ncbi.nlm.nih.gov/pubmed/17273796
http://www.ncbi.nlm.nih.gov/pubmed/11710720
http://www.ncbi.nlm.nih.gov/pubmed/15888131
http://www.ncbi.nlm.nih.gov/pubmed/18140450
http://dx.doi.org/10.1016/j.tips.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19110321
http://www.ncbi.nlm.nih.gov/pubmed/15896452
http://dx.doi.org/10.1007/s00280-010-1470-2
http://www.ncbi.nlm.nih.gov/pubmed/20859741
http://www.ncbi.nlm.nih.gov/pubmed/12680238
http://dx.doi.org/10.1007/s10103-012-1064-9
http://www.ncbi.nlm.nih.gov/pubmed/22358772
http://www.ncbi.nlm.nih.gov/pubmed/16566718
http://dx.doi.org/10.1371/journal.pone.0079748
http://www.ncbi.nlm.nih.gov/pubmed/24255713
http://dx.doi.org/10.4103/0019-5154.94283
http://www.ncbi.nlm.nih.gov/pubmed/22615511


35. Karu T. Primary and secondary mechanisms of action of visible to near-IR radiation on cells. J Photo-
chem Photobiol B 1999; 49(1):1–17. PMID: 10365442

36. Stadler I, Evans R, Kolb B, Naim JO, Narayan V, Buehner N, et al. In vitro effects of low-level laser irra-
diation at 660 nm on peripheral blood lymphocytes. Lasers Surg Med 2000; 27(3):255–61. PMID:
11013387

37. Lee SY, You CE, Park MY. Blue and red light combination LED phototherapy for acne vulgaris in
patients with skin phototype IV. Lasers Surg Med 2007; 39(2):180–8. PMID: 17111415

38. Bruzell EM, Morisbak E, Tonnesen HH. Studies on curcumin and curcuminoids. XXIX. Photoinduced
cytotoxicity of curcumin in selected aqueous preparations. Photochem Photobiol Sci 2005; 4(7):523–
30. PMID: 15986060

39. Prasad S, Tyagi AK, Aggarwal BB. Recent developments in delivery, bioavailability, absorption and
metabolism of curcumin: the golden pigment from golden spice. Cancer Res Treat 2014; 46(1):2–18.
doi: 10.4143/crt.2014.46.1.2 PMID: 24520218

40. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with wide-ranging implica-
tions in tissue kinetics. Br J Cancer 1972; 26(4):239–57. PMID: 4561027

41. Kong S, McBurney MW, Fang D. Sirtuin 1 in immune regulation and autoimmunity. Immunol Cell Biol
2012; 90(1):6–13. doi: 10.1038/icb.2011.102 PMID: 22105513

42. Bharti AC, Donato N, Singh S, Aggarwal BB. Curcumin (diferuloylmethane) down-regulates the consti-
tutive activation of nuclear factor-kappa B and IkappaBalpha kinase in humanmultiple myeloma cells,
leading to suppression of proliferation and induction of apoptosis. Blood 2003; 101(3):1053–62. PMID:
12393461

43. Aggarwal S, Takada Y, Singh S, Myers JN, Aggarwal BB. Inhibition of growth and survival of human
head and neck squamous cell carcinoma cells by curcumin via modulation of nuclear factor-kappaB
signaling. Int J Cancer 2004; 111(5):679–92. PMID: 15252836

44. Chen T, Wong YS. Selenocystine induces S-phase arrest and apoptosis in human breast adenocarci-
noma MCF-7 cells by modulating ERK and Akt phosphorylation. J Agric Food Chem 2008; 56
(22):10574–81. doi: 10.1021/jf802125t PMID: 18959417

45. Abrams SL, Steelman LS, Shelton JG, Wong EW, Chappell WH, Basecke J, et al. The Raf/MEK/ERK
pathway can govern drug resistance, apoptosis and sensitivity to targeted therapy. Cell Cycle 2010; 9
(9):1781–91. PMID: 20436278

46. Cho HJ, Suh DS, Moon SH, Song YJ, Yoon MS, Park DY, et al. Silibinin inhibits tumor growth through
downregulation of extracellular signal-regulated kinase and Akt in vitro and in vivo in human ovarian
cancer cells. J Agric Food Chem 2013; 61(17):4089–96. doi: 10.1021/jf400192v PMID: 23570653

47. Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell 2007; 129(7):1261–74.
PMID: 17604717

48. Sizemore N, Lerner N, Dombrowski N, Sakurai H, Stark GR. Distinct roles of the Ikappa B kinase alpha
and beta subunits in liberating nuclear factor kappa B (NF-kappa B) from Ikappa B and in phosphorylat-
ing the p65 subunit of NF-kappa B. J Biol Chem 2002; 277(6):3863–9. PMID: 11733537

Light Combine with Curcumin Regulates Cell Proliferation and Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0138754 September 18, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/10365442
http://www.ncbi.nlm.nih.gov/pubmed/11013387
http://www.ncbi.nlm.nih.gov/pubmed/17111415
http://www.ncbi.nlm.nih.gov/pubmed/15986060
http://dx.doi.org/10.4143/crt.2014.46.1.2
http://www.ncbi.nlm.nih.gov/pubmed/24520218
http://www.ncbi.nlm.nih.gov/pubmed/4561027
http://dx.doi.org/10.1038/icb.2011.102
http://www.ncbi.nlm.nih.gov/pubmed/22105513
http://www.ncbi.nlm.nih.gov/pubmed/12393461
http://www.ncbi.nlm.nih.gov/pubmed/15252836
http://dx.doi.org/10.1021/jf802125t
http://www.ncbi.nlm.nih.gov/pubmed/18959417
http://www.ncbi.nlm.nih.gov/pubmed/20436278
http://dx.doi.org/10.1021/jf400192v
http://www.ncbi.nlm.nih.gov/pubmed/23570653
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://www.ncbi.nlm.nih.gov/pubmed/11733537

