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Background/purpose: Far-infrared (FIR) therapy is a safe and noninvasive source for medical
applications. Animal study has shown the effects of FIR in promoting nerve repair. However,
the cellular mechanism is not well known. Nerve growth factor (NGF) treated neuron-like
PC12 cells for neurite outgrowth have been widely employed as the in vitro model for neural
regeneration.
Methods: In this study, we tried to evaluate the potential of FIR in promoting neurite
outgrowth and related mechanism by using NGF-treated neuron-like PC12 cells as a cellular
model. We found that FIR could promote neurites outgrowth of neuron-like PC12 cells at
earlier culture period.
Results: The neurite outgrowth-enhancing effect of FIR irradiationwasmore obvious when lower
NGF concentration (1 ng/ml and 10 ng/ml) was added into the medium. We also found that FIR
had no thermal effects on culture medium. The effects of FIR in promoting neurite outgrowth
were dose dependent, and higher power density of FIR providedmore effects for improving neur-
ite outgrowth. Themechanism of FIR in promoting neurite outgrowth was through AKT1 pathway.
Conclusion: The effects of FIR irradiation on promoting neurite outgrowth and neural regener-
ation of NGF-treated neuron-like PC12 cells are dose dependent and through activation of
AKT1 phosphorylation. This study provided important information for understanding the
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Introduction

Far-infrared (FIR) is in the invisible portion of the electro-
magnetic spectrum with a defined wavelength between 5.6
and 1000 mm.1 Recent studies indicate that FIR therapy may
promote wound healing and improve the prognosis of car-
diovascular diseases.1e3 FIR also has anti-inflammatory ef-
fects and protects cells from injury.4e6 Moreover, FIR
therapy improves access flow and is helpful for hemodial-
ysis patients.7,8 It was found that FIR therapy improved
inadequate access flow and survival of the AVF in hemodi-
alysis patients through both thermal and non-thermal ef-
fects.8 The study revealed that the nonthermal effects of
FIR played a role in the long-term protective effect on
vascular function. FIR also has sleep enhance effects9 and
inhibits tumor growth.10,11 All these studies indicated that
FIR therapy is a safe and noninvasive source for medical
applications. Animal study by using FIR therapy for pro-
moting nerve repair has been reported,12 but the mecha-
nism of FIR irradiation for neural regeneration was still
poorly understood. Neural regeneration requires a complex
interplay of both extracellular and intracellular signals to
regulate neuronal survival and promoting neurite
outgrowth. Neurite outgrowth plays an important role in
neural regeneration.13,14 Various physical stimulation, such
as laser irradiation, ultrasonic, magnetic, and electric
stimulation have been used to enhance neural regeneration
after injury.15e19 The goal of this study was to investigate
the potential of FIR irradiation in promoting neural regen-
eration and the related mechanism.

Previous studies reported that neurotrophic factors were
able to regulate survival, growth or differentiation of the
injured neurons.20e23 Among these neurotrophic factors,
nerve growth factor (NGF) is the main neurotrophin to main-
tain neural phenotype, induce neurite outgrowth, and pro-
mote neural regeneration.24,25 Hence, a number of clinical
trials have investigated the efficacy of NGF therapy in nerve-
associated disease.26e28 NGF treated neuron-like PC12 cells
for neurites outgrowth had been widely used as the in vitro
model for neural differentiation.29 In this study, the effects of
FIR irradiation on NGF treated neuron-like PC12 cells were
used to evaluate the effects of FIR in promoting the neurite
outgrowth and the related cellular mechanism. We hypothe-
sized that FIR could promote neurites outgrowth and enhance
the neural regeneration of neuron-like PC12 cells via specific
protein kinase signaling pathway.

Materials and methods

Cell culture

Neuron-like PC12 cells purchased from Bioresource Collec-
tion and Research Center (Taiwan) (BCRC number 60048)
ang J-L, et al., Far-infrared ray
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were derived from a pheochromocytoma of the rat adrenal
medulla, which had been widely used as a model of neural
regeneration, were used for culture.

In this study, neuron-like PC12 cells were cultured in
RPMI-1640 medium supplemented with 10% thermo-
inactivated horse serum, 5% fetal calf serum, 50 mg/ml
streptomycin and 50 IU/ml penicillin and maintained in a
humidified atmosphere of 95% air/5% CO2 at 37 �C. For
experiments, cells were seeded in poly-D-lysin (PDL)-
coated wells (P6403, SigmaeAldrich) cultured and plated at
a density of 5 � 104 cells/well supplemented with different
concentrations (1 ng/ml, 10 ng/ml and 100 ng/ml respec-
tively) of NGF (Peprotech) with or without FIR irradiation to
stimulate the neural regeneration of neuron-like PC12 cells
(n Z 4 for each group).

Exposure to FIR and stresses

For FIR irradiation, cells were exposed to irradiation from a
WS TM TY301 FIR emitter (Far IR Medical Technology, Tai-
pei, Taiwan). The wavelength of the light generated from
the electrified ceramic plates was from 5 to 12 mm with a
peak at 8.2 mm. The emitter was set up 20 cm above the
bottom of the culture plates and the cells were exposed to
low intensity FIR irradiation (3.1 mW/cm2) for 30 min per
day. The control groups were covered with aluminum foil
from light. The whole set was maintained in 37 �C and 5%
CO2 culture condition.

Neurite outgrowth and cell proliferation of cells
after FIR irradiation

In order to evaluate the effects of FIR irradiation,
morphological changes with neurite outgrowth of neuron-
like PC12 cells cultivated on PDL coated wells supple-
mented with 10 ng/ml NGF with or without FIR irradiation
(3.1 mW/cm2) for 30 min per day were observed after
cultured for 1, 3, 5 and 7 days (nZ 4 for each group). Under
phase-contrast microscope, the percentage of neurite
outgrowth was quantified based on 5 non-overlapping im-
ages (10 X_) of each culture. The number of cells with
neurites outgrowth were counted in five visual fields
(10e30 cells per field) in four independent cultures in each
group. The percentage of cells displaying neuron-like
morphology with neurite outgrowth in each image was
calculated. The mean and the standard error of the mean
of the measurements were then computed for each culture.

Cell proliferation of neuron-like PC12 cells cultivated on
PDL coated wells supplemented with 10 ng/ml NGF with or
without FIR irradiation (3.1 mW/cm2) for 30 min per day
were also quantitatively determined by measuring the
mitochondrial activities using Alamarblue kit (Invitrogen,
USA) according to the manufacturer’s protocol. The optical
radiation promotes neurite outgrowth of neuron-like PC12 cells
(2018), https://doi.org/10.1016/j.jfma.2018.08.015
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density of the Alamarblue activity was read on an ELISA
plate reader (ELx 800, BIO-TEK) at 490 nm and reference
wavelength at 630 nm. All data were determined from 4
independent cultures.

Immunocytochemical analysis of neural markers

According to the previous section, the effects of FIR for
neurite outgrowth of neuron-like PC12 cells seeded on PDL
coated wells and supplemented with 10 ng/ml NGF were
with significant differences after cultured for 3 days. We
therefore tried to investigate the effects of FIR for neural
differentiation of cultivated neuron-like PC12 cells seeded
on PDL coated wells supplemented with various concen-
trations of NGF.

In order to identify neural differentiation of neuron-like
PC12 cells, expression of neural markers neurofilament
(NFM), synapsin I (SYN1) and synaptophysin (SYP) were
investigated with immunocytochemical analysis. In the
experimental group, neuron-like PC12 cells were seeded on
PDL coated plates supplemented with various concentra-
tions (1 ng/ml, 10 ng/ml and 100 ng/ml) of NGF respec-
tively and were then irradiated with FIR (3.1 mW/cm2) for
30 min per day and cultured for 3 days. The groups without
FIR irradiation were used as control (n Z 4 for each group).

The primary antibodies used in this study included
mouse monoclonal antibodies against neurofilament (NFM)
(Abcam), synapsin I (SYN1) (BD Bioscience), and synapto-
physin (SYN) (BD Bioscience). Cultured cells were washed
with PBS 3 times, fixed with 4% paraformaldehyde for
10 min at room temperature, and then were permeabilized
with 0.1% Triton X-100. After blocking with 3% bovine serum
albumin in PBS, the cells were stained with the primary
antibody of interest at 4 �C overnight. The cells were then
washed and incubated with proper Alexa Fluor 488 conju-
gated secondary antibodies, and counterstained with DAPI.
Finally, fluorescence images were acquired by using ZEISS
Axio-200 inverted microscopy and analyzed by MetaMorph
software. Percentages of neurite growth from neuron-like
PC12 cells cultivation supplemented with various concen-
trations of NGF with or without FIR irradiation were also
measured under phase-contrast microscope as described in
the previous section.

Western blot analysis and the roles of AKT1
phosphorylation

For evaluation of the mechanism of neurite outgrowth of
neuron-like PC12 cells after FIR irradiation. Neuron-like
PC12 cells were seeded on PDL coated wells supplemented
with 10 ng/ml NGF with or without FIR irradiation and
cultured for 3 days. The signaling transduction mechanism
was analyzed by western blot analysis in this study. Phos-
phorylation of AKT1 was analyzed and LY294002 (50 nM in
concentration) was used as inhibitor of AKT1 phosphoryla-
tion. Cell lysates were prepared with RIPA lysis buffer
containing the complete protease inhibitor cocktail (Roche
Diagnostics GmbH, Mannheim, Germany) for 1 h at 4 �C.
Lysates were clarified by centrifugation at 10,000 rpm for
10 min at 4 �C and the resulting supernatant was saved
for protein analysis and Western blot analysis. Protein
Please cite this article in press as: Wang J-L, et al., Far-infrared ray
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concentration was measured by using the commercial pro-
tein assay reagent (Bio-Rad, Hercules, CA). Equal volumes
from each sample were loaded into 10% SDS-PAGE gel and
transferred onto NC membranes. The membranes were
blocked with CIS block buffer (CIS-Biotechnology, Taiwan)
for 1 min. Rabbit monoclonal antibodies to AKT1 (ab32505,
dilution 1:5000) (Abcam, Cambridge, UK) and AKT1 phos-
phorylation 473 (ab66138, dilution 1:2000) (Abcam, Cam-
bridge, UK), and rabbit polyclonal antibodies to GAPDH
(ab22555, dilution 1:5000) (Abcam, Cambridge, UK) were
used as primary antibodies. Horseradish peroxidase (HRP)-
conjugated secondary antibodies were purchased from
Millipore.

Effects of AKT1 phosphorylation on the expression of
neural markers NGF, SYN1 and SYP in neuron-like PC12 cells
seeded on PDL coated wells supplemented with 10 ng/ml
NGF with or without FIR irradiation were also evaluated by
immunocytochemical analysis (n Z 4 for each group). For
investigation of the roles of AKT1 phosphorylation in neu-
rite outgrowth, both groups with and without FIR irradia-
tion were also added with or without AKT1 phosphorylation
inhibitor LY294002 for comparison. Fluorescence images
were acquired by using ZEISS Axio-200 inverted microscopy
and analyzed by MetaMorph software. Percentages of
neurite growth from cultivation of neuron-like PC12 cells
seeded on PDL coated wells supplemented with 10 ng/ml
NGF with or without FIR irradiation and added with or
without AKT1 inhibitor LY294002 were also investigated.
The experiments were repeated for three times.

Effects of intensity of FIR irradiation and
concentration of NGF

In order to determine the effects of intensity of FIR in
promoting neurite outgrowth of NGF treated neuron-like
PC12 cells. Neuron-like PC12 cells cultivated on PDL coated
wells supplemented with different concentrations of 1, 10
and 100 ng/ml NGF with low intensity FIR (3.1 mW/cm2) or
with high intensity FIR irradiation (4.8 mW/cm2) for 30 min
per day were observed after cultured for 3 days respec-
tively. The groups without FIR irradiation were used as
controls. Under phase-contrast microscope, the percentage
of neurite outgrowth was quantified based on 5 non-
overlapping images (10 X) of each culture. The percent-
age of cells displaying neuron-like morphology with neurite
outgrowth in each image was calculated. The mean and the
standard error of the mean of the measurements were then
computed for each culture (n Z 4 for each group).

Thermal effects of FIR irradiation on culture
medium

As described in the previous section, for FIR irradiation,
cells were exposed to irradiation from a WS TM TY301 FIR
emitter (Far IR Medical Technology, Taipei, Taiwan). The
wavelength of the light generated from the electrified
ceramic plates was from 5 to 12 mm with a peak at 8.2 mm.
The emitter was set up 20 cm above the bottom of the
culture plates and the cells were exposed to low intensity
FIR irradiation (3.1 mW/cm2) for 30 min per day. In order to
know whether FIR irradiation has thermal effects, the
radiation promotes neurite outgrowth of neuron-like PC12 cells
(2018), https://doi.org/10.1016/j.jfma.2018.08.015



Figure 1 The morphology of neuron-like PC12 cells cultured on PDL supplemented with NGF under normal condition or FIR
stimulation. (A) Neuron-like PC12 cells were cultured on PDL supplemented with NGF under normal condition or FIR stimulation for
1e7 days (n Z 4 for each group). (B) Higher magnification of cultivation on day 3. Scale bar Z 25 mm.
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Figure 2 Alamarblue assay of neuron-like PC12 cells cultured
on PDL supplemented with NGF under normal condition or FIR
stimulation. Alamarblue assay for neuron-like PC12 cells
cultured on PDL supplemented with NGF under normal condi-
tion or FIR stimulation on day 1, 3, 5 and 7 were measured
(n Z 4 for each group). Statistical differences between groups
are denoted as )p < 0.05.
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temperature changes of culture medium before and after
FIR irradiation for 30 min were measured and were
compared with the temperature changes of medium
without FIR irradiation (n Z 4 for each group).

Statistical analysis

Data were presented as the mean � standard deviation.
Statistical significance was calculated by unpaired Stu-
dent’s t-test and using one way analysis of variance
(ANOVA) followed by post hoc procedure (Bonferoni anal-
ysis), with P < 0.05 considered significant for all test.

Results

FIR irradiation promotes neurite outgrowth of cells
at earlier culture period

In order to investigate the effect of FIR on the neurite
outgrowth activity of neuron-like PC12 cells. Since poly-D-
lysin (PDL) is a commonly used coating material in the
preparation of neuronal cultures and NGF is a neurotrophic
factor for maintaining neuron growth, neuron-like
PC12 cells were cultured in PDL-coated wells supple-
mented with 10 ng/ml NGF under FIR irradiation for 1, 3, 5
and 7 days. Neuron-like PC12 cells without FIR stimulation
was used as control in this study. FIR irradiation-stimulated
neuron-like PC12 cells showed more neurite development
and branching [Fig. 1(A) and (B)] at day 3 compared to the
control cells. Whereas, both groups of neuron-like
PC12 cells with or without FIR irradiation exhibited neu-
rite out growth at day 5 and day 7 [Fig. 1(A)] without sig-
nificant differences. Therefore, FIR irradiation could
promote neuron differentiation of neuron-like PC12 cells at
earlier culture period.

FIR irradiation decrease proliferation of cells

The effect of FIR irradiation on neuron-like PC12 cells
proliferation was determined by the Alamarblue assay
(Fig. 2). Increased fluorescence intensity indicated that
neuron-like PC12 cells were able to continue to proliferate
during the culture period, either treated with or without
FIR irradiation. Dissimilar to the improvement of neuron
differentiation by FIR irradiation, the proliferation of
neuron-like PC12 cells irradiated by FIR was significantly
less than that of control cells from 3 to 7 days of culture
period (Fig. 2).

FIR irradiation promotes neural differentiation
under low concentration of NGF

To assess the effects of FIR irradiation on neuron differ-
entiation of NGF-treated neuron-like PC12 cells, various
concentrations (1 ng/ml, 10 ng/ml and 100 ng/ml) of NGF
were tested in this study. Neurite formation was increased
with increasing the concentration of added NGF, regardless
of the presence or absence of FIR irradiation [Fig. 3(A)]. In
addition, it appeared that FIR irradiation was able to induce
higher amount of neurite formation in neuron-like
Please cite this article in press as: Wang J-L, et al., Far-infrared ray
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PC12 cells. Quantitative analysis shows the neurite forma-
tion of neuron-like PC12 cells with FIR irradiation was
significantly more than the control groups without FIR
irradiation when lower concentration (1 ng/ml and 10 ng/
ml) of NGF were added into the medium [Fig. 3(B)]. Inter-
estingly, no further effect of FIR irradiation on the neural
differentiation of neuron-like PC12 cells was observed at
high concentration NGF (100 ng/ml), but the effect of FIR
irradiation at 10 ng/ml NGF was comparable to that of
100 ng/ml NGF without FIR irradiation. Therefore, both FIR
and NGF could promote neuron differentiation of neuron-
like PC12 cells, and FIR could synergistically enhance the
effect of NGF-induced neuron differentiation of neuron-like
PC12 cells at appropriate NGF dose.

Further, the expression of neural markers of NGF-
treated neuron-like PC12 cells after FIR irradiation was
analyzed by immunocytochemical assay, including neuro-
filament (NFM), synapsin I (SYN1), and synaptophysin (SYP).
After 3 days of culture, FIR irradiation could promote
neuron differentiation of neuron-like PC12 cells in the
presence of low concentration of NGF (1 ng/ml and 10 ng/
ml) (Fig. 4). Similar to neurite formation observation, when
100 ng/ml NGF was added into the medium, neuron-like
PC12 cells exhibited all tested neuron markers NFM, SYN1
and SYP, regardless of the presence or absence of FIR
irradiation.

FIR irradiation promotes neural differentiation
through AKT1 signaling

For evaluation of the mechanism of FIR irradiation-induced
neural differentiation of PC12 cells, AKT1 phosphorylation
of PC12 cells in the 10 ng/ml NGF-containing medium with
or without FIR irradiation after 3 days of culture was
analyzed. LY294002 (50 nM) was used as the inhibitor of
AKT1 phosphorylation. It was found that the expression of
radiation promotes neurite outgrowth of neuron-like PC12 cells
(2018), https://doi.org/10.1016/j.jfma.2018.08.015



Figure 3 Effects of FIR stimulation on the neurite outgrowth in neuron-like PC12 cells. (A) Neuron-like PC12 cells were cultured
on PDL supplemented with various concentration of NGF under normal condition or FIR stimulation for 3 days (n Z 4 for each
group). (B)The percentages of neurite outgrowth in neuron-like PC12 cells cultivation supplemented with various concentrations of
NGF under normal condition or FIR stimulation for 3 days (n Z 4 for each group). Statistical differences between groups are
denoted as )p < 0.05. Scale bar Z 25 mm.
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phosphorylated AKT1 in FIR-irradiated neuron-like
PC12 cells was significantly greater than that in neuron-like
PC12 cells without FIR irradiation (Fig. 5). As expected, the
Please cite this article in press as: Wang J-L, et al., Far-infrared ray
through AKT1 signaling, Journal of the Formosan Medical Association
increased AKT1 phosphorylation of neuron-like PC12 cells
due to the FIR irradiation was inhibited and reduced to the
basic level in the presence of LY294002 inhibitor.
radiation promotes neurite outgrowth of neuron-like PC12 cells
(2018), https://doi.org/10.1016/j.jfma.2018.08.015



Figure 4 Effects of FIR stimulation on neural markers in neuron-like PC12 cells. Neuron-like PC12 cells were cultured on PDL
supplemented with various concentrations of NGF under normal condition or FIR stimulation for 3 days. Immunostaining of neural
markers (green) in neuron-like PC12 cells cultivation supplemented with 1, 10 and 100 ng/mL of NGF under normal condition or FIR
stimulation (n Z 4 for each group). DAPI (blue) was used to mark nuclei.
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Next, the expression of neural markers NFM, SYN1 and
SYP were compared by immunocytochemical analysis in
parallel with Western blot analysis. Neural markers were
obviously higher in the FIR-irradiated neuron-like
PC12 cells in the absence of AKT1 phosphorylation inhibi-
tor [Fig. 6(A)]. Conversely, the expression of these neural
markers in neuron-like PC12 cells was inhibited when
LY294002 was added into the medium. Finally, the neurites
outgrowth of neuron-like PC12 cells was measured. Simi-
larly, the neurite outgrowth was increased when FIR was
applied [Fig. 6(B)]. However, the neurite outgrowth was
inhibited when AKT1 phosphorylation was inhibited by the
LY294002 inhibitor.
High intensity of FIR irradiation in promoting neural
differentiation

In order to evaluate the effects of intensity of FIR in
promoting neural differentiation, neuron-like PC12 cells
were cultivated on PDL coated wells supplemented with
different concentrations of 1, 10 and 100 ng/ml NGF and
treated either with low intensity FIR (3.1 mW/cm2) or
with high intensity FIR irradiation (4.8 mW/cm2) for
30 min per day respectively. The cells without FIR irradi-
ation were used as controls. The treated neuron-like
PC12 cells were then observed under microscope after
cultured for 3 days respectively. It was found that there
were more neurites outgrowth in the group with high in-
tensity FIR irradiation (Fig. 7). Quantitative analysis shows
the neurites outgrowth of neuron-like PC12 cells with FIR
irradiation was significantly more than the control group
without FIR irradiation when lower concentrations (1 ng/
ml and 10 ng/ml) of NGF were added into the medium
(p < 0.05).
Please cite this article in press as: Wang J-L, et al., Far-infrared ray
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FIR irradiation has no thermal effects on culture
medium

The temperature changes of culture medium were
measured before and after FIR irradiation for 30 min and
were compared with the temperature changes of medium
without FIR irradiation. It was found that the temperature
before and after FIR irradiation was the same with the
temperature of culture medium without FIR irradiation
(Fig. 8). The effects of FIR irradiation we used has no
thermal effects.
Discussion

The biological effects and medical applications of FIR are
based on the interactions of electromagnetic radiation at
FIR range with biological molecules and cells. Previous
study30 reported the interaction of electromagnetic radia-
tion with living cells can be formed in terms of altered cell
membrane potentials and altered mitochondrial meta-
bolism. Photons with quantum energy levels from 12.4 meV
to 1.7 eV is at FIR range and is absorbed by vibrational
levels of bonds in molecules.31 In this study, we used
neuron-like PC12 cells to investigate the effects of FIR
irradiation for neurite outgrowth. Neuron-like PC12 cells is
a neuroendocrine cell line with many physiological prop-
erties of neurons, which is the best model for examining the
mechanism of neural regeneration.32 In addition, PDL has
been reported to improve neuron adhesion to polystyrene
surface33,34 and NGF is the main neurotrophin to induce
neurite outgrowth and neural regeneration.24,25 We tried to
evaluate the effects and possible mechanism of FIR irradi-
ation on neurite outgrowth of neuron-like PC12 cells
cultured on PDL-coated wells supplemented with NGF.
radiation promotes neurite outgrowth of neuron-like PC12 cells
(2018), https://doi.org/10.1016/j.jfma.2018.08.015



Figure 5 Effects of FIR stimulation on the AKT1 phosphor-
ylation in neuron-like PC12 cells. (A) Western blot analysis of
phosphorylation of AKT1 (pAKT1) in normal condition or FIR
stimulated neuron-like PC12 cells. Cells cultivation was sup-
plemented with 10 ng/mL of NGF for 3 days. LY294002 (50 nM
in conc) is the inhibitor of AKT1 phosphorylation. Lane-M
means protein marker (thermal #26619), Lane-1 means con-
trol group, Lane-2 means cells had stimulated by FIR, Lane-3
means cells had treated by LY294002, and Lane-4 means
cells had stimulated by FIR and had treated by LY294002. After
transferred, membrane was cropped according to the predi-
cated target protein size. The predicated size of pAKT1 is
60 kDa, AKT1 is 56 kDa, and GAPDH is 36 kDa. This experiment
was repeated for three times. (B) According to the western
blot analysis in (A), expression of pAKT1 in both normal group
without FIR stimulation and the group with FIR stimulation
treated with/without LY294002 were compared. It was found
that in the group of neuron-like PC12 cells with FIR stimula-
tion, the expression of pAKT1 was higher than the control
group without FIR stimulation. However, if cells were treated
with LY294002, the expressions of pAKT1 were similar in both
groups with or without FIR irradiation. Asterisk denotes sta-
tistical differences. )p < 0.05.
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Firstly, it is important to know the proper time to eval-
uate the neurite outgrowth of neuron-like PC12 cells. We
found that FIR irradiation could promote neurite outgrowth
of neuron-like PC12 cells at earlier culture period. Under
FIR irradiation, neuron-like PC12 cells showed obvious
spiked morphology neurite outgrowth and branching at day
3, earlier than those without FIR irradiation by two days.
Thus, the effects of FIR on neurite outgrowth of neuron-like
Please cite this article in press as: Wang J-L, et al., Far-infrared ray
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PC12 cells were measured at day 3 for further differentia-
tion tests.

In contrast to neurite outgrowth of neuron-like
PC12 cells, the proliferation of neuron-like PC12 cells
with FIR irradiation was less than those without FIR irradi-
ation from day 3 to day 7. Oliviero et al. reported that cells
would reduce proliferation rate when they undergo differ-
entiation.35 This is consistent with our results that FIR
irradiation would not enhance neuron-like PC12 cells pro-
liferation and differentiation simultaneously. The
outgrowth of neurites, including axons and dendrites, is an
important feature of neural regeneration and differentia-
tion to define their morphological structure and func-
tion.36,37 Neurite outgrowth can be stimulated by many
extracellular and intracellular signals. As mentioned above,
NGF is one of the most extensively used neurotrophin.24,25

Therefore, we demonstrated that the neurite outgrowth
of neuron-like PC12 cells increased with increasing the
concentration of added NGF. Interestingly, it was found
that the effect of NGF on neurite outgrowth of neuron-like
PC12 cells could be further enhanced by FIR irradiation
when lower NGF concentration (1 ng/ml or 10 ng/ml) was
added into the medium in early stage (p < 0.05). Conse-
quently, this study provided a method to enhance neurite
outgrowth and possible neural regeneration by combing low
dose NGF with FIR irradiation, instead of high-dose NGF.
The expression of neural markers NFM, SYN1 and SYP by
immunocytochemical assay further assured that FIR irradi-
ation could promote neurite outgrowth of neuron-like
PC12 cells in the presence of low concentration of NGF.

In addition to the effect of FIR irradiation on the neurite
outgrowth of NGF-treated neuron-like PC12 cells, this study
further investigated the possible molecular mechanism
involved in this process by western blotting analysis. Acti-
vation of phosphatidylinositol 3-kinase (PI3-K) pathway in
differentiating neuron-like PC12 cells is well known to
promote survival and suppress apoptosis after NGF stimu-
lation.37 Requirement for phosphatidylinositol-3 kinase in
the prevention of apoptosis by nerve growth factor. PI3K is
upstream of AKT38,39 thus, we detected the influence of FIR
irradiation on the phosphorylation of AKT1, the target ki-
nase of PI3-K pathway during the NGF-induced neurite
outgrowth and neural regeneration of neuron-like
PC12 cells. We found that FIR irradiation is a positive
regulator of AKT1 phosphorylation in NGF-induced neural
regeneration of neuron-like PC12 cells. Compared with
neuron-like PC12 cells without FIR irradiation, expression of
phosphorylated AKT1 in FIR-irradiated neuron-like
PC12 cells was significantly upregulated (p < 0.05) and
could be inhibited in the presence of LY294002 inhibitor.
Furthermore, the expression of neural markers NFM, SYN1
and SYP by immunocytochemical assay assured the role of
AKT1 in the differentiation of FIR-irradiated and NGF-
treated neuron-like PC12 cells. The neurite outgrowth
was inhibited when AKT1 phosphorylation was inhibited by
the LY294002 inhibitor. Similarly, previous study40 reported
that FIR irradiation attenuated apoptosis death in kerati-
nocytes through the PI3-K/Akt pathway. In their study, it
was found that FIR pretreatment has beneficial effects of
cultured keratinocytes stressed by dehydration by stimu-
lating the PI-3K/AKT pathway. The protect effects were
beneficial to the cells under stress. In our study, the
radiation promotes neurite outgrowth of neuron-like PC12 cells
(2018), https://doi.org/10.1016/j.jfma.2018.08.015



Figure 6 Effects of AKT1 phosphorylation on the neural marker in neuron-like PC12 cells. (A) Neuron-like PC12 cells were
cultured on PDL supplemented with 10 ng/mL of NGF and LY294002 (50 nM in conc) under normal condition or FIR stimulation for 3
days. Immunostaining of neural markers (green) in neuron-like PC12 cells cultivation. DAPI (blue) was used to mark nuclei. The
expression of neural markers was inhibited by AKT1 phosphorylation inhibitor LY294002 (50 nM in conc). (B) The percentages of
neurite outgrowth in neuron-like PC12 cells cultivation, it was found that the neurite outgrowth was increased when FIR was
applied. However, the neurite outgrowth was inhibited when AKT1 phosphorylation inhibitor LY294002 (50 nM in conc) was added.
Asterisk denotes statistical differences. )p < 0.05. Scale bar Z 25 mm.
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decease of cell growth is not due to cell death, it is due to
the differentiation of cells.

Recent study showed that FIR have rescuing effects in
cells expressing mutated pathogenic ataxin-3 through re-
covery of mitochondrial function and autophagy.5 There-
fore, FIR is an interesting tool with various functions in
different cells. Animal study by using FIR therapy for pro-
moting nerve repair has also been reported,12 but the
mechanism of FIR irradiation for neural regeneration was
still poorly understood. Previous study revealed that the
non-thermal effects of FIR played a role in the long-term
protective effect on vascular function.8 To our
Please cite this article in press as: Wang J-L, et al., Far-infrared ray
through AKT1 signaling, Journal of the Formosan Medical Association
knowledge, this is the first study to reveal the effects of FIR
irradiation on promoting neurite outgrowth and neural
regeneration of neuron-like PC12 cells through activation of
AKT1 phosphorylation and non-thermal effects. When AKT1
phosphorylation was inhibited, the effects of FIR irradiation
in promoting neurite outgrowth of NGF-treated neuron-like
PC12 cells were inhibited as well. We also demonstrated
the effects of FIR were intensity dependent and the effects
of FIR were not due to thermal effects.

This study demonstrated the effects of FIR irradiation in
promoting neurite outgrowth and neural regeneration of
NGF-treated neuron-like PC12 cells through activation of
radiation promotes neurite outgrowth of neuron-like PC12 cells
(2018), https://doi.org/10.1016/j.jfma.2018.08.015



Figure 7 Effects of FIR stimulation and NGF on the neurite
formation in neuron-like PC12 cells. The percentages of neu-
rite outgrowth in neuron-like PC12 cells cultivation supple-
mented with various concentrations of NGF under serious FIR
stimulations for 3 days. The neurite outgrowth is related with
the intensity of FIR stimulation. In high intensity FIR stimula-
tion (4.8 mW/cm2) group, the neurite outgrowth is more than
that of the low intensity FIR stimulation (3.1 mW/cm2) group
when low concentrations (1 ng/ml, and 10 ng/ml) of NGF were
added, however, there were no significant differences be-
tween low density and high density of FIR irradiation when high
NGF (100 ng/ml) was added (n Z 4 for each group). Asterisk
denotes statistical differences. )p < 0.05.

Figure 8 Thermal effects of FIR irradiation. Temperature
changes of culture medium before and after FIR irradiation
were compared. It was shown that temperature changes
before and after FIR irradiation were the same with the tem-
perature of culture medium without FIR irradiation. The tem-
perature was about 37 �C initially when culture plates were
removed from the incubator, after FIR irradiation (the emitter
was set up 20 cm above the bottom of the culture plates and
the culture medium was exposed to low intensity FIR irradia-
tion (3.1 mW/cm2) for 30 min), the temperature was close to
the room temperature about 23 �C similar to the culture me-
dium without FIR irradiation (n Z 4 for each group). Asterisk
denotes statistical differences. )p < 0.05.
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Please cite this article in press as: Wang J-L, et al., Far-infrared ray
through AKT1 signaling, Journal of the Formosan Medical Association
AKT1 phosphorylation without thermal effects. Therefore,
FIR therapy can be applied to enhance neural regeneration
for further clinical applications.
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